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GENERAL INTRODUCTION 


American Chemical Society Series of 
Scientific and Technologic Monographs 

By arrangement with the Interallied Conference of Pure and Applied 
Chemistry, which met in London and Brussels in July, 1919, the American 
Chemical Society was to undertake the production and publication of 
Scientific and Technologic Monographs on chemical subjects. At the 
iame time it was agreed that the National Research Council, in coopera- 
ion with the American Chemical Society and the American Physical 
Society, should undertake the production and publication of Critical 
Tables of Chemical and Physical Constants. The American Chemical 
Society and. the National Research Council mutually agreed to care for 
ihese two fields of chemical development. The American Chemical So- 
nety named as Trustees, to make the necessary arrangements for the 
publication of the monographs, Charles L. Parsons, Secretary of the 
American Chemical Society, Washington, D. C.; John E. Teeple, Treas- 
urer of the American Chemical Society, New York City; and Professor 
Gellert Alleman of Swarthmore College. The Trustees have arranged 
For the publication of the American Chemical Society series of (o) Scien- 
tific and (&) Technologic Monographs by the Chemical Catalog Company 
of New York City. 

The Council, acting through the Committee on National Policy of the 
American Chemical Society, appointed the editors, named at the close of 
this introduction, to have charge of securing authors, and of considering 
critically the manuscripts prepared. The editors of each series wiU en- 
deavor to select topics which are of current interest and authors who are 
recognized as authorities in their respective fields. The list of mono- 
graphs thus far secured appears in the publisher’s own announcement else- 
where in this volume. 

The development of knowledge in all branches of science, and especially 
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in chemistry, has been so rapid durmg the last fifty years and the fields 
covered by this development have been so varied that it is difficidt for any 
individual to keep in touch with the progress in brandies of sihiticc out- 
side his own specialty. In spite of the facilities for the examination of 
the literature given by Chemical Abstracts and suc:h compMuIia as Ih'il- 
stein’s Handbuch der Organischen Chemie, Richter’s Loxikon, Ostwaki’s 
Lehrbuch der AUgemeinen Chemie, Abegg’s and Cmclin- Kraut’s lland- 
buch der Anorganischen Chemie and the English and French Dictionaries 
of Chemistry, it often takes a great deal of time to coordinate the knowl- 
edge available upon a single topic. Consequently when men who have 
spent year's in the study of important subjects are willing to coordinate 
their knowledge and present it in concise, readable fonn, they perform a 
service of the highest value to their fellow chemists. 

It was with a clear recognition of the usefulness of reviews of this char- 
acter that a Committee of the American Chemical Society recommended 
the publication of the two series of monographs under the auspices of the 
Society. 

Two rather distinct purposes are to be served by those monographs. 
The first purpose, whose fulfilment will probably render to chemists in 
general the most important service, is to present the knowledge available 
upon the chosen topic in a readable form, intelligible to those whoso activ- 
ities may be along a wholly different lino. Many chemists fail to realize 
how closely their investigations may be connected with other work which 
on the surface appears far afield from their own. These monographs will 
enable such men to form closer contact with the work of chemists in other 
lines of research. The second purpose is to promote research in the 
branch of science covered by the monograph, by furnishing a well digested 
survey of the progress already made in that field and by pointing out 
directions in which investigation needs to be extended. To facilitate the 
attainment of this purpose, it is intended to include extended references 
to the literature, which will enable anyone interested to follow up the 
subject in more detail. If the literature is so voluminous that a complete 
bibliography is impracticable, a critical selection will be made of those 
papers which are most important. 

The publication of these books marks a distinct departure in the policy 
of the American Chemical Society inasmuch as it is a serious attempt to 
found an American chemical literature without primary regard to com- 
mercial considerations. The success of the venture will depend in large 
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part upon the measure of cooperation which can be secured in the prepa- 
ration of books dealing adequately with topics of general interest; it is 
earnestly hoped, therefore, that every member of the various organizations 
in the chemical and allied industries will recognize the importance of the 
enterprise and take sufficient interest to justify it. 

AMERICAN CHEMICAL SOCIETY 

BOARD OF EDITORS 

Scientific Series: — Technologic Series: — 

William A. Notes, Editor, Harrison E. Howe, Editor, 

Gilbert N. Lewis, Walter A. Schmidt, 

Lafayette B. Mendel, F. A. Lidbury, 

Arthur A. Noyes, Arthur D. Little, 

Julius Stieglitz. Fred C. Zeisberq, 

John Johnston, 

R. E. Wilson. 
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Preface 

From time to time in the past possible arrangements which would not 
conflict with the known chemical properties, or with cleavage, symmetry, 
etc., have been proposed for the atoms (or molecules) in crystals. The 
discovery of the diffraction of X-rays and the presentation of a plausible 
theory correlating these diffraction effects with atomic positions have 
made available much additional information upon which to base sugges- 
tions as to the atomic arrangements prevailing in crystals. All of the 
earlier and many of the present crystal structures based upon X-ray 
data have this quality of suggested solutions of questions of atomic grouping. 

The use of the theory of space groups puts a different aspect upon 
the problem of atomic arrangement. It is the virtue of this theory that 
with its aid crystal structures can be deduced from a group of postulates 
of generally admitted validity. When the particular conditions of the 
individual problem permit the collection of enough data, the only possible 
atomic arrangement compatible with these postulates can be obtained; 
it the data are insuflS.cient for this purpose all of the conceivable crystal 
structures which remain experimentally indistinguishable are completely 
known. The present monograph aims to outline the methods of crystal 
structure deduction as they now exist and to treat the available diffraction 
data from the more exacting standpoint they make possible. 

The very fact that this enlarged subject of crystal analysis draws its 
methods of attack from several of the old sciences introduces a serious 
difficulty into its adequate presentation; among these older sciences it is 
now more or less of an outcast. Most chemists seem to find in the purely 
physical means of experimentation and in the introduction of theoretical 
crystallography a proof that it does not belong to chemistry; for many 
physicists it is difficult to believe that the physical processes alone are 
insufficient; and crystallography (as distinct from mineralogy), to which 
crystal analysis is in many ways most closely related, is practically non- 
existent in this country. Consequently in presenting this book as a 
Monograph of the American Chemical Society the writer has endeavored 
to reduce analytical complexities to a minimum [for instance by deducing 
expressions for only the simplest (cubic) crystals] and to stress thereby 
only the necessary underlying assumptions. The greatest difficulty in 
crystal analysis is the problem of thinking clearly in three dimensions. 
For most of us this is surmounted only by practise and it is the writer^s 
belief that the greatest aid to this end is the extensive use of graphical 
methods and of figures: usually the study of a figure will make a relation 
clearer than pages of description. For this purpose and to keep the first 
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part within the confines of a timtiso of inteiTst to eh('mts(.s ilir te\t 
Ls been abbreviated as much as is consistent with clearness aii( c%fcnM\'.‘ 
use has been made of diagrams and figures. Also b(‘enu.se oi the vatieU 
trainings of the persons now interested in the r(«siilt,s ot crystal slruclui'c 
studies it has boon necessary to introduce bri(d discussions o the i»hysic:il 
properties of X-rays and the symmetry propertn-s ol t'r.vsbds i,Uiic i to 
students trained in these fields must se.cm supertluous; an ellort has been 
made in treating of those matters to iuidude only the mt >st tmetwary t. >1 hc.s. 

Two attempts, for the most part iiidcpeudeiit of each 
been made to develop a science of crystal analysis. The oik; which {>ro 
vides the point of view for this book arose from tlm (eirly attempts 01 > . 
Nishikawa to use the theory of space groujis in studit's ol (iry.Htal sirutduir . 
the other, which antedates in many of its phases the first., has grown up 
on the continent of Eurojic through the ctforts of 1*. P. lOwtihl,' H. iirosH, 
P. Niggli and others. Different European investigators use ililTenmt anii" 
lytical methods; the fundamental assumptions arc (wsentially the mum, 
however, and it does not appear that anything but eonfusiim wouhl be 
the practical result of discussing in this monograph rat‘h iiuliyidual pro* 
cedure. Except whore better or suiiplemmitary methods have been 
adopted bodily (with duo recognition) alternative procedures will N* 
referred to only in footnotes or in the bibliography. 

It is thus clear that this monograph makes no pretense at l*eing a 
handbook in the sense of providing an account of all of the various methods 
of crystal structure study which have boini proposwl iintl used. It is 
rather intended to give (in Part I) the reaction of a singli^ point, of view 
towards the material of crystal analysis as it now e.xisis. All of the tools 
that are available arc hei’c consitlercd but all of the dilTenuit ways of using 


them are not touched upon. It is the purpose of the seeoiul part to treat 
all existing diffraction data from the point of vii-w outiined in Part I. 
This is not done in an entirely satisfactory manner, partly Iweauso of the 
limitations of time and space, partly because of the htlxir involved in 
reworking the published data from this standpoint and partly liecauso 
enough data have not in many instances betm published. The writer 
hopes that most diffraction experiments have been inelmlod in Ihirt il; 
he would greatly appreciate having omissions brought to his attention. 
No data published after January 1 , 1924, are iiicfluded in this IsKik. 

Information from er 3 r 8 tal analysis has already thrown light utam many 
problems of both a theoretical and a practical intentst. An adequate 
discussion of these applications is only possible after crystal structure 
knowledge itself has boon put upon a woll-delined basis; at the same timt' 
such a discussion would have so many ramifications in different branches 
of science that it could not be short. For these rcaftons no effort has b<*tni 
made to do more than catalogue the various uses thus far made of X-ray 


'■ Since tins book was written a monograpli on crystal analysis lias Ijocn publislml 
by P. P. Ewald (Kristalle u. llOntgonatrahlcti, fiorlin, 192S). Thougli different |»ba«w 
of the subject ate strossed in the two books, a similar point ol vbw imtnates both. 
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diffraction data for other purposes than determinations of atomic ar- 
rangement and to treat, in only the briefest and most incomplete fashion, 
a few topics of especial concern to chemists. 

The author wishes to take this opportunity of expressing his gratitude 
to his teacher and friend, Dr. Shoji Nishikawa, for the great benefits 
ipoceived through early association with him in the study of crystals, to 
Dr. H. E. Merwin, who has given much of his time and especially of his 
interest to problems of crystal analysis that have arisen from time to 
time, to Professor William Duane, who in examining this book for the 
Board of Editors has made many valuable suggestions, to Dr. A. L, Day 
and Dr. R. B. Sosman for kindly reading the manuscript, and'to Dr. A. 
L. Day and the Carnegie Institution of Washington for the opportunity 
of presenting this monograph as a publication of the Geophysical 
Laboratory. 


Ralph W. G. Wyckoff. 

Geophysical Laboratory, 

January, 1924. 
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Table of Symbols 

The following symbols are frequently used in this book: 

A° = Angstrom unit = 1 X 10“® cm. 

a : b : c is the axial ratio of a crystal. The letters a, b and c are also used 
to designate unit lengths along the axes of reference. 

ao;,bo, Co are the lengths of the sides of the unit cell of a crystal as measured 
along the X-, Y- and Z- axes of coordinates respectively. 

a, 13, y are the axial angles of a crystal, 
c' is the velocity of light. 

duel = the spacing of geometrically like planes parallel to the possible 
crystal face (hkl). 

(hkl) = the Miller indices of a possible crystal face. For a hexagonal 
crystal the Miller-Bravais indices are (hkil). 
hkl(n) = the Miller indices of a reflection from a plane (hkl) in the nth 
order. 

h' = Planck’s constant. 

9 =s the angle of reflection for X-rays. The deviation of a diffracted beam 

of X-rays is 2 A 
K = absorption constant. 

X = wave length. 

I = intensity. 

10 = original intensity. 

M = weight of a chemical molecule. 

M' = molecular weight. 

m = number of chemical molecules within the unit cell of a crystal. 

M = absorption coefficient. 

Ha = atomic absorption coefficient. 
h'/p == “true” mass absorption coefficient. 

N = number of electrons in an atom. It equals the atomic num 
uncharged atom. 

N = the scattering power of an atom containing N electrons. 

It is to be taken as approximately equal numerically to N itself, 

N' = the number of atoms in the gram atom *= 6.06 X 10'“®. 
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n. == the order of reflection. 

V = frequency. 

r = radius of sphere of projection, 
p = density. 

V == the volume of the unit cell of a crystal. 

V' = potential (in volts). 

x', y', z' are the cartesian coordinates of a point. 
X == x'/ao; y = y'/ho; z == z'/co- 
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THE 

STRUCTURE OF CRYSTALS 


Chapter I. The Symmetry Characteristics of 

Crystals 

Upon the basis of an atomic theory the atoms or molecules of a body 
which is maintaining its own shape unchanged (a non-viscous solid'') 
will move in closed paths about fixed equilibrium positions. Two distinci 
types of such ^'solids" can be imagined: In one these equilibrium position 
possess a special regularity in arrangement, in the other no such ordei 
exists. The first may be called crystalline, the latter lies in the class of 
amorphous materials. A crystalline body throughout which this order k 
undisturbed constitutes a single crystal. 

The External Symmetry of Crystals ^ 

Elements of Symmetry. — A large class of solid bodies, met in nature 
or prepared in the laboratory, have properties which appear to justify 
their classification as crystalline substances. Individual crystals, thus 
found, are more or less perfectly formed polyhedrons. Their fundamental 
symmetry characteristics are shown by a study of the distribution of their 
plane faces and of various physical properties, such as refractive indices, 
which are unlike in different directions. In this way the following elements 
of symmetry, and these only, have been recognized as present in crystals. 

Axes of Symmetry , — If in a figure a rotation about some line combined 
with a translation along it leaves the figure in its original geometrical 
aspect the figure is said to have a screw axis of symmetry. If the amount 

^ The external symmetry properties of crystals and the methods of their investigation 
are treated in a large number of crystallographic and mineralogical texts. Among the 
more comprehensive of these may be named: 

1. E. S. Dana (W. F. Ford, reviser), Textbook of Mineralogy (Wiley, 1922). 

2, A. E. H. Tutton, Crystallography and Practical Crystal Measurement, 2 Vpluine3 

(London, 1922) . . . . ^ ™ , 

8. P. Groth, Physikalische Kxystallographie, 4:th Edition (Leipzig, 1905) ; Blemente 
der physikalisohen und chemischen Krystallographie (Miinchen, 1921) . 

4. P. Nig^, Lehrbuoh der Mineralogie (Berlin, 1930). v 

These books are more or less typical of different points of view from which the qmesr 
tion^ of crystal symmetry are commonly approached, 
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of the translation is zero the symmetry axis is a simple rotational axis 
of symmetry. The following screw and rotation axes arc obscnwcd in 
crystals: 360° (one-fold) , 180° (two-fold), 120^ (throc-fold), 90° (four- 
fold) and 60° (six-fold) axes (Figures 1 and 2). 



I’lG. 1 Fict ^ 


Fig, 1. — The crystallographically possible lOTOT, of symmetry. 

Fig. 2. — The crystallographically possible rotational axes of symmetry. Since a 
rotation of 360° brings a figure bacS: to its original aspect, every body will also contain 
an infinite number of such one-fold rotational axes. 

Planes of Symmetry. —In Figure 3 the line POP' is perpendicular to the 
plane ABCD and meets it in the point 0. If P'O = OP, P and P' stand 
in a mirror image relation to each other. Any plane that can be passed 
through a figure so that every point upon one side of the piano has a cor- 
responding point on the opposite side in a mirror image relation to it is a 
plane of symmetry. If a figure can be brought into geometrical coipoi- 
dence with itself by a reflection combined with a translation of definite mag^ 
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nitude and direction (Figure 4) in a plane, the latter is a glide plane of 
symmetry. A rotation about an axis combined with a reflection in a 
plane perpendicular to the axis con- 
stitutes a rotary-reflection. 

Centers of Symmetry , — A point is 
a center of symmetry if a line drawn 
from any point of the figure to it and 
extended an equal distance beyond 
encounters a point corresponding to 
the arbitrarily chosen point (Figure 
6). A rotary-inversion consists of a 
rotation of definite angle about an Fig, S.—ThelinePOP'isperpeadicularto 

axis followed by an inversion through 

® a mirror image relation to one another. 

a point in the axis. If this axis is 

one-fold the resulting symmetry operation is obviously the same as a simple 
inversion; if it is two-fold, the operation is identical with a reflection in a 
plane normal to the axis. 

The Point Groups.^ — It can be shown that there are but 32 distinctive 
ways of taking these elements of symmetry singly and of combining them 
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Fig. 4. — A glide plane of 
symmetry. 
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Fig. 5.— 0 is the center' of symmetry of a 
figure in which P and Pi are any corre- 
sponding points. 


together. The point groups, or classes of crystal symmetry, thus formed 
may be uniquely defined either by stating their symmetry properties or, 
more analytically, by giving the coordinates of the equivalent yoints which 

1 A deduction of the point groups is given in all books which develop the theory of 
space groups (%s well as numerous others). ■ See for instance: 

1. A. SchoeniicB, Krystallsysteme und Krystallstruktur (Leipzig, 1891). 

2. H. Hiltdn, Mathematical CnrstaUography (Oxford, 1903); and especially 

3. A. Schoennies, Theorie det Kristallstruktur (Berlin, 1923). 
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arise from any arbitrarily < >oint by the operation of each of their 

elements of symmetry. 0 »asis of the kind of axes of reference 

necessary for their descripti joint groups themselves can be divided 

into seven systems identic the crystallographic systems of sym- 

metry. 

It is desirable to have eans of illustrating in two dimensions 

the characteristics of erysta eral types of projection have boon used 

for this purpose. Two of ;he stereographic and gnomonic, have 

proved of value in X-ray ci lalysis and will be considered at a later 

point (Chapter IV). The is useful, however, in showing graiJhi- 

cally the symmetry of the c lasses. In doing this the intersections 

of elements of symmetry u] rcumscribed sphere are projected upon 

the plane of a great circle sphere through the extremities of the 

perpendicular diameter i (E i. The position of any point (such as 


N. 



S. 


Fig. 6. — If M is some point abc lane of the great circle perpendicular to the 

diameter NS, its stereographi< on is p. This point is obtained by drawing 

MO and then the straight line e P is the intersection of MO with the sphere 

of projection and p is the in i of PS with the plane. The steroographic 

projection of a point R below e of projection is a similar intersection Q of 

the line QN with the plane. 


an equivalent point of a p up) can be shown by drawing a Jitte 

from it to tbe center .of the nd projecting its intersection with the 

surface in the usual manner [ of Figure 6 is projected upon ABCD 

at the point p). If the pro oint lies in the upper hemisphere it is 

marked by a cross (x); if ii srer, by a circle (o). In showing the 

symmetry properties of a c: ass it is customary to take the plane 

of the projection normal to t ipal symmetry axis. * Such projections 

are shown in figures which j ny the subsequent descriptions of the 

point groups. In these diag ,e ends of 2-, 3-, 4- and 6-fold rotation 

axes will be designated by HII, and those of 4- and 

» Used in this way the stereog ejection is often called Gadolin's profeotion. 
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6-fold screw axes by S and 

as full lines; dotted lines, in s* 
two-fold axes, are merely co] 
lines. 

The symmetry of the crysf 
with their analytical expressions 
as follows: 

1. Triclinic System: Groups 
as codrdinate axes for their d 
any three lines of unequal uni 
making any angles with one 
(Figure 7). 

! Point group 1C, (Ci) [H 
class]. 1 The only elements of i 
possessed by this group are a 
number of one-fold (300° — ) ax( 
metry (Figure 8, a and 6). It : 
that the operation of any one of 
upon any point xyz will bring it 
cidence with itself. This sing 
coordinates, xyz, thus is an ; 
characteristics of this class of 
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anes of symmetry will be shown 


s they do not coincide with the 
on ^ 



Fig. 7. — The axes of reference of 
mt point groups belonging to the tri- 
clinic system. The three axes are 
of unequal unit lengths (a b c) 

in- and make any angles with one an- 
other. 

analytical description of the 
5try. 



Fig. — The only symmetry propen 

of one-fold rotational axes of whic 
reference. 

Fig. 86. — The stereographic projectio 
every other point. 



h 

e point group IC are an infinite number 
iree may in general be taken as axes' of 

point group 1C. Every point is unlike 


^The point (and space) group sy be used have been described by E. W. 

G. Wyckoff, Am. J. 8ci., 6 , 288 (192 )se in parentheses are the usual ones of 

Schoeniiesi 
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Point group iCi, (Ci) [Plolohedral class]. Besides the one-fold axes 
possessed by the previous class, and all other classes, a center of syiniuotry 



Fig-. 9 a . — The center of symmetry characteristic of iCi is taken at the intersection of 
the triclinic axes of reference. 

Fig. 9 b.— The stereographic projection of the two equivalent points of the point 
ICi. 


is present (Figure 9, a and fc). If this point is placed at the origin of tlie 
coordinate axes, the point x - y - z ' will be geometrically eciuivalent 
to the point xyz. Consequently the symmetry properties of this group 





Fig. 10 . — The axes of reference for 
the monoclinic point groups are of 
unequal unit lengths (a 7^ b 5^ c). 
Z is perpendicular to the plane of 
X and Y which, however, can 
make any angle with one another. 


are described by the two sots of co6rdi- 
nates of the points (the equivalent pointe) 
obtained one from the other by the op- 
eration of the symmetry element of the 
group: xyz; xyz. 

n. Monoclinic System: Groups requir- 
ing as coordinate axes for their description 
three lines of unequal unit length one of 
which (the Z-axia) is perpendicular to tho 
plane of the other two, which make any 
angle with one another (Figure 10). 

Point group 2c, (CJ [Hemihedral class]. 
This group is characterized by a single 
plane of symmetry which must be the 
plane containing the X- and Y-axes (Fig- 
ure 11, a and 5). Since the operation of 
a plane of symmetry which contains two 


*• It is the uniform practise in writing coordinate values to place minus signs over 
the letters to which they apply. Thus — x is 5, — y is f, etc. 
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axes of coordinates and is perpendicular to the third is always to change 
the sign of the third coordinate value, the point xyz is equivalent to xyz. 
These two sets of coordinates then furnish an analytical description of the 
symmetry of the group. 



a b 



Fia. 11a. — The symmetry properties of the point group 2c. 

Fig. 115, — The stereographic projection of the symmetry properties and equivalent 
points of the point group 2c. The plane of projection is coincident with the plane 
of ^mmetry. 


Point group 2C, (C 2 ) [Hemimorphic hemihedral class]. This group 
possesses a single two-fold axis of symmetry which is to be taken as coin- 
cident with the Z-axis of coordinates (Figure 12, a and b). Since by the 



Fig. 12a.— The symmetry properties of the point group 20. 

Fig. 125. — The steroographic projection of the two-fold axis of symmetry and of equiva» 
lent points of the point group 2C. 


operations of this axis there always wiU be a point xyz geometrically 
equivalent to xyz, these two sets of coordinates provide an analytical 
description of this group. 
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Point grottp 2Ci, (C^*) [Holohed: 
by a two-fold axis and a plane of syr 
a and h. From the preceding descrij 


Z 



a 

Fig. 13«. — The symmetry properties of t 
perpendicular plane of symmetry also n 
Fig. 136. — The stereographic, projection o 

xyz; xyz; xyz; xyz are all equivaler 
aese coordinates shows that the tv 
1 placing a center of symmetry at 



c 


s]. This class is characterized 
located as shown in Figure 13,, 
b is evident that the four points 



, group 2Ci. The two-fold axis and 
center of symmetry, 
nt group 2Ci. 

dance either at Figure 13 or at 
ents of symmetry also combine 
;m of co5rdinates. 



Fig. 14. — The axes of referenct 
The three axes of unequal ur 
perpendicular. 

III. Orthorhombic System: Gi 
their description three lines of une 
another (Figure 14). 


orthorhombic point groups. 

IS (a 5*^ b 5*^ c) are mutually 

equiring as eoSrdinate axes for 
lit lengths perpendicular to one 
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Point group 2e, (C 2 ’’) [Hemimoi 
elements of this class are a two-folc 
as shown in Figure 15, a and 6. 
seen to be: xyz; xyz; xyz; xyz. 


Z 



a 

Fig. IBa . — The symmetry properties of tl 
taken as the plane of symmetry it will 
bined with that of the two-fold axis h 
also a plane of symmetry. 

Fig. 155. — The stereographic projection ( 

Point group 2D, (V) [Enantioi 
mutually perpendicular two-fold a: 
yield the equivalent points: xyz; x} 


z 



a 

Fig. 16g. — ^T he three mutually perpend 
Fig. 166. — The stereographic projectior 
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nnihedral class]. The symmetry 
nd a plane of symmetry arranged 
»ur equivalent points are readily 


I 





h 

group 2e. If the plane of X and Z is 
that the operation of this plane com- 
t, makes the perpendicular YZ plane 

)int group 2e. 

c hemihedral class]. The three 
gure 16, a and 6) of this class 

xyz- 



\x 

h 


ro-fold axes of the point group 2D, 
point group 2D. 
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Point group 2Di; (V^) [Holohedral class]. To this group belong three 
two-fold axes and a plane of symmetry coincident with the plane of two 
of them (Figure 17). As with 2Ci, this combination of two-fold axis and 



Tig. 17a. — The symmetry properties of the point group 2Di. The thi*ee mtitually per- 

pendicular two-fold axes and the plane of symmetry coincident with the plane of 
two of them introduce the two other symmetry planes shown in this figure. 

Fig. 176. — The stereographic projection of the point group 2Di. 

normal plane of symmetry places a center of symmetry at tho origin. 
The coordinates of the equivalent points are: 

xyz; xyz; xy^; xyz; xyz; xyz; xfz; xyz, 

IV. Tetragonal System: Groups requiring as coordinate axes for their 
description three lines perpendicular to one another, tho unit length of two 
being equal but different from that of the third (Figure 18). 



Fig. 18. — The axes of reference of the tetragonal point groups. The unit length along 
X and y is different from that along Z (a 5 *^ c) . 
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Point group 4c, (S4) [The tetartohedral class of the second sort]. The 
single element of symmetry of this group is a four-fold axis of rotary 
reflection, the plane of the reflection being that of the X- and Y- axes 
(Figure 19, a and 6).i The four equivalent points are: xyz; yxz; xyz; yxz. 



a h 

Fig. 19a. — The symmetry properties of the point group 4c. 
Fig. 196. — The stereographic projection of the point group 4c. 


Point group 4C, (C 4 ) [Tetartohedral class]. The coordinates of the four 
equivalent points arising from the single four-fold axis (Figure 20, a and b) 
are: xyz; yxz; xyz; yxz. 



Fig. 20a.-- The single four-fold rotation axis of the point group 4C. 

Fig. 205. — The stereographic projection of the point group 4C. 

^ As Figure 19 h suggests, the symmetry element of this group can also be taken as a 
four-fold screw axis. 
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Point group 4d, (V**) [Hemihedral class of the second sort]. The 
elements of symmetry are three mutually perpendicular two-fold axes 
and planes of symmetry in the positions of Figure 21, a and h. The 
coordinates of the eight equivalent points are: 

xyz; xyz; xyz; xyz; yxz; yxz, yxz; yxz. 



Fig, 21a, — The symmetry properties of the point group 4.d. 

Fig. 215— The stereographic projection of the symmetry properties and equivalent 
points of the point group 4d. 

Point group 4Ci, ( 04 ^^) [Paramorphic hemihedral class]. The positions 
of the four-fold rotation axis and the reflecting plane perpendicular to it 
are shown in Figure 22, a and h. Since the operations of a 90^-axis include 


I 



Fig. 22a. — The four-fold rotation axis and perpendicular plane of symmetry of the 
point group 4Ci. 

Fig. 226. — The stereographic projection of the point group 4Ci. 
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those of a 180°-axis the elements of symmetry of this group make the 
origin a center of symmetry. The equivalent points are: 

xyz; yxz; xyz; yxz; xyz; yxz; xyz; yxz. 

Point group 4e, (€ 4 ^) [Hemimorphic hemihedral class]. The four-fold 
axis and reflecting plane of this group have the positions shown in Figure 
23 j a and 6 . The coordinates of equivalent points are: 


xyz; yxz; xyz; yxz; xyz; yxz; xyz; yxz. 



Fig. 23a. — The four-fold axis and '^verticaF' reflecting planes of the point group 4e. 
Fig. 235. — The stereographic projection of the point group 4e. 

Point group 4D, (D 4 ) [Enantiomorphic hemihedral class]. ThO single 
four-fold axis and the four coplanar two-fold axes perpendicular to it are 
illustrated in Figure 24, a and b. The coordinates of the eight equivsient 
points are: 

xyz; yxz; xyz; yxz; xyz; yxz; xyz; yxz. 

Point group 4Di, (D 4 *) [Holohedral class]. This class possesses the 
symmetry elements of the preceding one (4D) together with a plane of 
symmetry which is coincident with the plane of the two-fold axes (Figure 
25, a and b). As before, the four-fold axis and the reflecting plane normal 
to it make the origin of coordinates a center of symmetry. The coordinates 
of the eqruvalent points are: 

xyz; yxz; xyz; yxz; xyz; yxz; xyz; yxz; 

syg; yxz; xyz; yxz; xyz; yxz; xyz; yxz. 
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Fig. 24a.—Tlie four-fold principal axis and the four co-planar two-fold axes perpen- 
dicular to it that are possessed by the point group 4D. 

Fig. 246.— The stereographic projection of the point group 4D. 



Fig. 25a,— The symmetry properties of the point group 4Di, 
Fig. 256. — The stereographic projection of the point group 4Di. 
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V. Cubic System: Groups requiring as coordinate axes for their 
description three mutually perpendicular lines of equal unit lengths 
(Figure 26). 


z 



Fig. 26. — The axes of reference of the cubic point groups are three mutually perpen- 
dicular lines of equal unit lengths. 


Point group T, (T) [Tetartohedral class]. The three two-fold' and 
four three-fold axes of this group have the distribution of Figure 27a. 



Fig. 27o. — The elements of symmetry of the point group T are four three-fold and 
three two-fold rotation axes which pass through the comers and opposite edges 
respectively of a circumscribed tetrahedron. ^ * 

Fia. 276. — The stereographic projection of the point group T. 
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The coordinates of its 12 equivalent points, common to all (uibic point 
groups, are: 

xyz; xyz; xyz; xyz; 

(I) zxy; ^xy; zxy; zxy; 

yzx; yzx; yzx; yzx. 

Point group Ti, (T^) [Paramorphic hemilicdral class]. The elements 
of symmetry of this group are those of the group and planCvS of sym- 
metry in the positions of Figure 28, a and b. It will be observed that two- 


z 



Fig. 28a. — The symmetry properties of the point group Ti. 

Fig. 28b. — The stereographic projection of the point group Ti* 

fold axes and planes of symmetry have the relative positions necessary 
to make the origin a center of symmetry. The coordinates of equivalent 
‘points are those of (I), (point group T) and (II). 

(II) xyz; xyz; xyz; xyz; zxy; zxy; zxy; zxy; yzx; yzS; yzx; y2x. 

Point group Te, (T**) IHemimorphic hemihedral class]. The elements 
of symmetry of this class are also those of T and pianos of symmetry 
having the positions of Figure 29, a and b. The co6rdinato positions of 
the equivalent points are those of (I) and the following: 

(III) yxz; yxz; yxz; yxz; xzy; xSy; X2y; xzy; zyx; zyx; zyX; zyx. 

Point group O, (0) [Enantiomorphic hemihedral class]. The throe 
four-fold, four three-fold and six two-fold axes of this group have the 
distribution shown in Figure 30, a and b. The coordinate positions of 
the equivalent points are those of (I) and the following: 

(IV) yxz; yxz; yxz; yxz; Xzy; Xzy; xzy; xzy; zyx; zyX; z^x; Syx. 
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Fiq. 29a. — The symmetry properties of the point group Te. 
Fig. 29&. — The stereographic projection of the point group Te, 


z 



Fig. 30a.— The symmetry properties of the point group 0. 
Fig* 306.— The stereographic projection of the point group 0. 
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Fig. 31a. — The planes of symmetry of the point group Oi. The axes of symmetry 
(except for the three four-fold axes reproduced also in this figure) are shown in 
Jig. 30a. 

Fig. 31b. — The stereographic projection of all of the symmetry properties and of 
equivalent points of the point group Oi. 




a h 

Fig. 32a.^ — The rhombohedral axes of reference for point groups having the symmetry 
of the rhombohedral division of the hexagonal system. The three axes are of equal 
unit lengths and make equal angles (a 9^ 90*") with one another. 

Fig. 325. — The hexagonal axes of reference. Two of these axes (X and Y) are of 
equal unit lengths and make 120° with one another; the third (2) is of a different 
unit length and is normal to the plane of the first two. 
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Point group Oi, (O'*) [Holohedral class]. The elements of symmetry 
of this group are those of 0 (Figure 30) together with reflection planes in 
the positions of Figure 31a. Again these elements of symmetry make the 
origin a center of symmetry. The coordinates of equivalent points are 
those of (I), (IV), (II), and (III). 

VI. Rhombohedral Division of the Hexagonal System. The point 
groups of this division are best described in terms of two sets of coordinate 
axes, (1) rhombohedral axes and (2) hexagonal axes. The rhombohedral 
axes consist of three lines of equal unit lengths making equal angles 
one with another (Figure 32 o). As hexagonal reference axes are to 
be chosen two lines of equal unit lengths making 120° with one another 
and a third axis of different length perpendicular to the plane of the first 
two. 

Point group 3C, (0$) [Tetartohedral class]. The position of the single 
three-fold axis of this class in relation to the two sets of reference axes is 
shown in Figure 33, a and b. The coordinates of the equivalent points 
are: 

For (1) : xyz; zxy; yzx. 

For (2) : xyz; y - x, x, z; y, x - y, z. 

Point group 3Ci, (Gz) [Hexagonal tetartohedral class of the second 
sort]. The positions of the three-fold axis and center of symmetry of this 
group are shown in Figure 34, a, b, and c. The coordinates of equivalent 
points are: 

For (1): xyz; zxy; yzx; xyz; zxy; yzx. 

For (2): xyz; y - x, x, z; y, x - y, z; xyz; x - y, x, z; y, y - x, z. 

Point group 3e, (Cs®) [Hemimorphic hemihedral class]. The positions 
of the three-fold axis and the vertical reflecting planes are shown in Figure 
35, a, b, and c. Coordinates of equivalent points are: 

For (1): xyz; zxy; yzx; yxz; xzy; zyx. 

For (2): xyz; y - x, x, z; y, x - y, z; x - y, y, z; yxz; x, y - x, z. 

If, as is convenient for some purposes, the vertical reflecting plane is 
chosen to make an angle of 30° with the X-axis of set (2), slightly different 
coordinate values will result.^ 

^It is a common crystallograpMe procedure, particularly in this country, to use 
such oblique axes for rhombohedral and hexagonal groups. Care must therefore be 
taken in actual practise to avoid confusion. 
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6 c 

Fig. 33a. — The single three-fold axis of the point group 30 is symmetrically placed 
with respect to the three rhombohedral axes of reference. 

Fig. 33b.— The single three-fold axis of the point group 30 coincides with the Z hex- 
agonal axis of reference. ^ 

Fig. 33c. — The stereographic projection of the point group 30. The positions oi 
hexagonal coordinate axes are shown in this figure. 



THE SYMMETRY CHARACTERISTICS OF CRYSTALS 39 


i 




Fig. 34a. — The relation of the symmetry elements of the point group 3Ci to the rhom- 
bohedral axes of reference. 

Fig. 346. — The relation of the symmetry elements of the point group 3Ci to the hex- 
agonal axes of reference. 

Fig. 34c. — The stereographic projection of the point group 3Ci. The positions of" 
hexagonal coSrdinate axes are shown in this figure. 
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Fig. 35a . — The relation of the symmetry properties of the point group 3o to the rhom- 
bohedral axes of reference. 

Fig. 356. — The relation of the symmetry properties of the point group 3e to the hex- 
agonal axes of reference. 

Fig. 35c. — The stereographic projection of the point group 3e. The positions of 
hexagonal axes of reference are shown in this figure. 
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Point group 3D, (D3) [Enantiomorphic hemihedral class]. The distri- 
bution of the principal three-fold rotation axis and the three two-fold 
axes normal to it is shown in Figure 36, a and b. Their relation to the 



a h 

Fig. 36a. — The three coplanar two-fold axes of the point group 3D are normal to the 
three-fold axis. As the figure shows, this principal axis coincides with the hexagonal 
Z-axis of reference. 

Fig. 366. — The stereographic projection of the point group 3D. The positions of 
hexagonal axes of reference are shown in this figure. 

rhombohedral coordinate axes is the same as that of the corresponding 
elements in Figure 37 a. The coordinates of the equivalent points are: 

For (1): xyz; zxy; yzx; yxz; xzj; zyx. 

For (2) : xyz; y - x, x, z; y, x ~ y, z; x ~y, y, z; yxz; x, y - x, z. 

Slightly different codrdinates for (2) result from placing the two-fold axes 
in positions 30^^ from those of Figure 36 a. 

Point group 3Di, [Holohedral class]. The elements of symmetry 
of this group are those of 3D together with vertical reflecting planes which 
bisect the angles between two of the 180'^-axes after the manner of Figure 
37, a, b, and c. Since this furnishes again the combination of a two-fold 
axis perpendicular to a reflecting plane the origin will be a center of sym- 
metry. The coordinates of equivalent points are: 

For (1) : Those of 3D and 

xyz; zxy; px; yxz; xzy; zyx. 

For (2) : Those of 3D and 

xyz; X - y, X, z; y, y - X, z; y - x, y, z; yxz; x, x - y, z. 
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h c 

Fig. 37a. — The symmetry properties of the point group 3Di referred to the rhombo- 
hedral axes of reference. 

Fig. 376. — The symmetry properties of the point group 3Di rcferrecl fco the hexagonal 
axes of reference. 

Fig. 37c. — The stereographic projection of the point grotip 3Di, The positions of 
hexagonal axes of reference are shown in this figure. 
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As before the choice of a direction for the two-fold axes which is turned 
30° with respect to that of Figure 37 h would lead to different coordinates. 

VII. tlexagonal Division of the Hexagonal System. The groups of 
the division will be described only in terms of the hexagonal axes (Figure 
32 h). 

Point group 6c, (Cs'O [Trigonal paramorphic hemihedral class]. The 
elements of symmetry of this class are a three-fold axis normal to a plane 


z 




Fra. 3Sa. — The three-fold rota;tion axis and perpendicular plane of symmetry charac* 
teristic of the point group 6c. 

Fig. 38 b. — The sbereographic projection of the point group 6c. 


of symmetry (Figure 38). Coordinates of equivalent points for hexagonal 
axes are: 

xyz; y ~ X, X, z; y, X - y, z; xyz; y - x, x, z; y, x - y, z. 

Point group 6d, (Ds*^) [Trigonal holohedral class]. The elements of 
symmetry are those of 3D and a plane of symmetry coincident with that 
of the two-fold axes (Figure 39, a and b). As the projection of Figure 39 i> 
shows, these elements give rise also to three auxiliary vertical planes of 
symmetry each of which contains the trigonal axis and one of the digonal 
axes. The coordinates of equivalent points are those of 3D and 

xyz; y - X, X, z; y, X - y, z; X - y, y, z; yxz; x, y - x, z. 
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Fig. 39a. — Symmetry properties of the point group 6d. The vertical diagonal planes 
of symmetry which also are present have not been shown. 

Fig. 39b. — The stereographic projection of the point group 6d. 


Point group 60, (Ce) [Tetartohedral class]. This group consists of a 
single six-fold axis of symmetry (Figure 40^ a and 6). The coordinates 
of equivalent points are : 

xy2i; y, y - X, z; y - X, x, z; xyz; y, x - y, z; x - y, x, z. 



a h 

Fig. 40a. — The single six-fold axis of the point group 6C. 

Fig. 406.— The stereographic projection of the point group 0C. 
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Point group 6Ci, (Ce*) [Paramorphic hemihedral class]. The positions 
of the plane of symmetry and the six-fold axis normal to it are shown in 
Figure 41, a and h. Since the operations of a six-fold rotation axis con- 


Z 



a h 

Fig. 41a. — The symmetry properties of the point group 6Ci. 
Fig. 416. — The stereographic projection of the point group 6Ci. 


tain those of a two-fold axis, the elements of this group make the origin 
a center of symmetry. Coordinate positions of this group are those of 
6C and: 

xyz; y, y - X, z; y - x, x, z; xyz; y, x - y, z; x - y, x, z. 

Point group 6e, (C#®) pSemimorphic hemihedral class]. The arrange- 
ment of the six-fold axis and the reflecting planes characteristic of this 
class is shown in Figure 42, a and h. The coordinates of the equivalent 
points are those of 6C and: 

X, y - X, z; y - X, y, z; yxz; x, x - y, z; x - y, y, z; yxz. 

Point group 6D, (D«) [Enantiomorphic hemihedral class]. The arrange- 
ment of the six-fold principal axis and the six coplanar axes is shown in 
Figure 43, a and 6. Coordinates of the equivalent points are those of 
6C and: 

X, y - X, z; y - X, y, z; yxz; x, x - y, z; x - y, y, z; yxz. 

Point group 6Di, (Be*) [Holohedral class]. The elements of symmetry 
are those of 6D and a plane of symmetry coincident with that of the two- 
fold axes. As with 6Ci this combination of symmetry elements makes 
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Fig. 42a . — The symmetry properties of the point group 6e. 
Fig. 42b. — ^The stereographic projection of the point group Oo. 





Fig. 43a.— The symmetry axes of the point group 6D. 

Fig. 43b.— The stereographic projection of the point group 6D. 
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the origin a center of symmetry (Figure 44, a and 6). The coordinates 
of equivalent points are consequently those of 6D and: 

xyz; y, X — y, z; x — y, x, z; xyz; y, y — x, z; y — x, x, z; 



a h 

Fig. 44a. — The symmetry properties of the point group 6Di. 
Fig. 446. — The stereographic projection of the point group 6Di. 


Numerous systems of naming the point groups haye been proposed 
and are in more or less common use. A comparison of nomenclatures 
for some of those most frequently met is given in Table 1. 

Indices of Crystal Planes and Faces.— For the purpose of describing 
the positions of the faces and the intimate characteristics of a crystal a 
means of accurately defining a plane is necessary. It is customary to 
designate a crystal plane by three numbers, its Miller indices. These 
indices are obtained by taking the numerators of the reciprocals of the 
intercepts (chosen as multiples of the unit axial lengths) on the three 
coordinate axes of reference when these reciprocals have been reduced to 
a lowest common denominator. The systems of coordinate axes used 
are those which have been defined for the systems of symmetry. Except 
in cubic crystals the ratio of the unit lengths of these axes, the angles 
between the axes, or both, will be different for different crystals. This 
ratio between the unit lengths of the axes , (usually written a : b : c = 
? : 1 : ?) is called the axial ratio; the axial angles (a, /?, y) are the angles 
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between these axes. In Figure 45 a, b and c are unit lengths along the 
axes X, Y and Z; Z«, Z/3 and Ly are the angles between YZ, XZ and 
XY respectively. The intercepts of the plane MNP on these axes are 
seen to be 2a, b and |c. The reciprocals of the coefficients of these unit 
axial lengths [|, 1, 2] yield the Miller indices (124). In describing pianos 
in terms of the hexagonal axes four indices (hkil) are sometimes employed. 



Fig. 4S. — The intercepts of the plane MNP on the three cohrdinate axes X, Y and Z 

; ; are 2a, b and §o; its Miller indices consequently are (124). 

The additional index is derived from the intercepts of the plane upon a 
third coordinate axis lying in the plane of X and Y (Figure 46) and making 
an angle of 120° with the latter. It can be shown that with axes of this 
sort h + k is equal to T, if i is the index of the new axis; that is h + k + 
i = 0. For the description of the faces occurring upon a crystal this 
additional axis is of value but for other purposes it may profitably be 
•omitted. 

The form of the equation for a plane with the Miller indices (hid) 
referred to cubic axes is readily obtained. The intercepts of the plane 
MNP of Figure 45 along the coordinate axes X, Y and Z are OM, ON and 
OP. In its intercept form the equation of this plane is x'/OM + y'/ON + 
z'/OP = 1. Since the unit length along each of these cubic axes is the 
same, OM, ON, and OP can be written as mao, nao and pao, where ao is 
this unit length. Then 

x'/mao + y'/nao + z'/pao = 1, or npx' + mpy' + mnz' = mnpao. 
Since m, n and p are the intercept multiples of ao alone the axes, the 
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mp/mnp, mn/mnp — and divided by their greatest common divisor (r). 
Thus rh = np, rk = mp and rl = mn. This yields 

hx' + ky' + W == aomnp/r, or 

hx' + ky' + Iz' ~ D = 0, where D = aomnp/r ...... (1) 

A plane parallel to Ax' + By' + Cz' — D = 0 and passing through the 
point P(xi'yi'zi') is 

Ax' + By' + Cz' - (Axi' + By/ + Cz/) = 0. 


L 



Fig 46. — The hexagonal axes of reference. The I axis, in the plane of H and K, makes 

an angle of 120° with them. 

Consequently one having the indices (hkl) and containing the origin will 
• be expressed by 

hx' + k/ + lz' = 0 Oa) 

The equation of (hkl) referred to the coordinate axes of systems of less 
symmetry ■will be similar in form, the added complexities being of a purely 
analytical nature. Thus, for instance, in orthorhombic axes (hkl) is defined 
by the equation 

xTi/a + y'k + zl/c — D = 0, where a : 1 : c is the axial ratio. 
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The Law of Rational Indices.— It is observed that all of the faces 
occurring upon any crystal can be described by indices which arc integers, 
furthermore these integers are usually small numbers. This rule, which 
in its essence is purely an experimental one is known as the l<xw of fcitioncil 
indices. The assumption of its universal applicability is fundamental to 
all of the developments of mathematical crystallography. 

Zones. — The equations (referred to cubic axes) of two planes parallel 
to two crystal faces having the indices (hid) and (hldO passing through 
the origin have been seen to be ^ 

hx' + ky' + Iz' — 0 and 
h'x' + k'y' + I'z' - 0. 

The equation of the line of intersection of these two planes, which will 
contain the origin and be parallel to an edge of the crystal, can be written 

X y _ ^ ^ 

kl' -- Ik' Ih' hi' hk' - kh'* 

All of the planes (or crystal faces) parallel to this line lie in a zone, of which 
it is the zone axis. The three numbers u = kl' — Ik', v == Ih' — hi' and 
w = hk' — kh' (usually written [uvw]) are the indices of the zone. Just 
as two non-parallel planes determine a zone axis, so two intersecting zone 
axes determine a possible crystal face. The indices of such a plane are 
expressed by the analogous relation: h = vw'— wv', k = wu' — uw', 
I = uv' — vu'. These two expressions are frequently employed in the 
determination of the indices of faces and planes in crystals. Since the 
indices of a plane are always integers, it is evident that the Indices of a 
zone must likewise be whole numbers. 

Forms. — For any crystal face (hkl), there will be other geometrically 
identical faces; in number they will either equal or be an integral sub- 
multiple of operations of the symmetry elements possessed by the crystal. 
These equivalent planes together constitute the faces of a form. For 
many purposes it is necessary to know the indices of different planes 
belonging to a specified form. They can be obtained through the co- 
ordinates of equivalent points of the crystal classes, since each of those 
sets of coordinates will yield the intercepts of a plane of the form (hkl). 
Thus the indices of the planes of the most general form having the sym- 
metry of the point group 4C may be found in the following manner. The 
three intercepts of the plane (hkl) are : 

xOO; OyO; OOz. 

^ These equations are readily generalized to apply in this same form to axial systems 
of less symmetry if x' = ax, y' ~ y and z' = cz are substituted in the corresponding 
equation ^ 

xh/a + k'y + z'l /c = 0 to yield hx +"ky + Iz « 0. 
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The operation which moves xyz to the position yxz will transfer these 
intercept points to 

0x0; yOO; OOz. 

With the aid of equation (1) the indices of the plane corresponding to 
these last three are found to be (khl). Similarly th^ other two operations 
of the group give rise to the equivalent planes (hkl) and (khl). The 
application of this procedure to other point groups gives the indices of 
each of the planes of the most general forms (the forms in which h, k and 1 
can have any integral values). If this is done it is seen that except for 
groups defined by hexagonal axes the indices of the faces of the most 
general form are the coordinates of the equivalent points of the group 
if X = h, y = k, z = 1. For the hexagonal classes this simple relation 
does not hold unless Fedorov instead of cartesian coordinates are em- 
ployed. The Fedorov coordinates ^ of a point are the distances along the 
coordinate axes from the origin to perpendiculars dropped from the point 
to these axes. The indices of planes in the general forms of point groups 
defined through the hexagonal axes of reference are contained in Table II. 


Table II. Indices op General 
(a) hkil; ihld; Idhl; 

(h) ikhi; khil; hiki; 

(c) hkU; ^kl; Mhl; 

(d) ikhl; khil; hikl; 

Point group 30. The indices of (a). 
Point group 3Ci. The indices of (a) and 
Point group 3e. The indices of (a) and 
Point group 3D. The indices of {a) and 
Point group 3Di. The indices of (a), (6), 
Point group 6c. The indices of (a) and 
Point group 6d. The indices of (a), (6), 
Point group 60. The indices of (a) and 
Point group 60i. The indices of (a), (e), 
Point group 6e. The indices of (a), (e), 
Point group 6D. The indices of (a), (e), 
Point group 6Di. The indices of (a), (6), 


Forms op Hexagonal Point Groups 

(e) hkll; ihkl; kihl; 

(f) ikhl; khil; hikl; 
ig) hkil; ihkl; kihl; 

(A) ikhl; khil; hild. 

W. 

W. 

(&). 

(g) and (d). 

(c). 

(c) and (A). 

(^). 

(c) and ig). 
id) and (A). 
ib)f and (/). 

(c), id), (e), if), ig) and (A). 


A form with faces perpendiciilar to axes of symmetry will have fewer 
than the number of faces in the general form of its symmetry class. Since 
these special forms thus arise from the coincidence of two or more of the 
planes of the general form, they can all be found by equating in turn the 
indices of every other plane of the general form to the first one fhld). For 

1 H. Hilton, Mathematical Crystallography (Oxford, 1904), p, 74. 
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example tke indices of the general form for the point group 2Di (the 
holohedry of the orthorhombic system) are (page 28) : 

(bkl); (hkl); (hkl); (hfl); (hkl); (hkl); (hid); (hid); 

The indices (hkl) = (hkl) when k = I == 0. Consequently the operation 
of symmetry which makes the plane (hkl) coincide with (hkl) will leave 
the plane (100) unchanged. By substituting these values of h, k and 1 
in the indices of the other planes it appears that (100) and (TOO) together 
constitute a special form of this point group. In the same way equating 
(hkl) to (hld)j (hkl), etc. leads to the form (010); (OlO), to the form 
(Okl); (Oki); (Okl); (Okl), etc. The continued application of this 
procedure furnishes the following special forms of each of the point groups 
(Table III). As already stated the indices of the general forms can be 

Table III. The Special Fokms op the Point Gbottps 

I. TricUnic System. 

1. 1C No special forms. 

2. ICS No special forms. 

II. Monoclinic System. ' 

3. 2c (a) hkO. 

4. 20 (o) 001. (6) OOT. 

5. 2Ci (a) 001; 001. (6) hkO; EkO. 

III. Orthorhombic System. 

6. 2e (fl) 001. (6) OOT. (c) Okl; Ofi. (d) hOl; Eol. 

7. 2D (a) 100; 100. (6) 010; OlO. (c) 001; OOl. 

8. 2Di (a) 100;_I00. (fc) 010; OTO. _ (c) 001; OOT. (d) Old; Okl; Okl; Okl. 

(e) hOl; hOl; hOl; hOl. (f) hkO; hkO; hlcO; hkO. 

IV. Tetragonal System. _ 

9. 4c (a) 001; 001, 

10. 4C (a) 001. (6) OOl. 

11. 4d (a) 100; lOO. (6) 010; 010. (c) 001; OOT. (i) hhl; hhl; hhl; hSl. 

12. 4a (a) 001; OOT. (6) hkO; khO; hkO; khO. 

13. 4e (a) 001. (6)_OOT. (c) Okl; kOj; Okl; kOl. (d) hhl; hhl; EEl; hhl. 

14. 4D (a) 001; 001. (6) 100; 010; 100; OTO. (c) lIO; 110; 110; IlQ. 

15. 4Di (a) 001; 001. (6) 100; 010^ lOO; OlO. (c) 1%110; IlO; IIO. (d) hkO; 

khO; khOj^hkO; khO; EkOj khO; hkO. (e) Okl; kOl; Okl; kOl; Okl; kOl; Okl; kOl. 
Cf) hhl; hhl; hhl; hhl; hhl; hhl; Ehl; hhl. 

V. Cubic System. 

16. T (n) 111; HI; llT; III. (6) IH; 111; ill; 111. (p) 100; TOO; 010; OlO; 
001; OOl. 

17. Ti (a) 100; lOO; WO; 0T0;_001; OOl. (6) 111; HI; HI; IH; HI; 111; 

111; 111. (c) Okl; Okl; Okl; Okl; lOk; lOk; lOk; 10k; klO; EIO; klO; ElO. 

18. Te (a) 111; HI; HI; IH. (h) III; 111; 111; 111. (c) 100; lOO; 010; 

OlO; 001; OOl. (d) hhl; hhl; Ehl; EEl; Ihh; |hh; lEh; lEE; hlh; Elh; hlE; Elh. 

19. O (a) lOOj 100; 010; OlO; 001; OOl. (6) 111; iH; HI; III; IH; 111; 111; 

111. (c) 110; 110; HO; IIO; Oil; Oil; Oil; Oil; 101; lOl; lOT; lOl. 
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20. Oi_ (a) 100; TOO; 010; 010; 001; OOl (6) 111; HI; III; III; III; 111; 111; 

111. (c) lIO; 110; IlO; IIO; Oil; Oil; Oil; Oil; Wl; lOl; lOl; lOl. (d) Okl; 

Okj; Oki; Okl; 10k; lOk; lOk; lOk; klO; klO; klO; klO; kOl; kOl; kOl; kOl; Oik; 

Oik; Oik; OIk;_lkO; IkO; IkO; IkO. (e) hhl; hhl; hhl; hhl; Ihh; IhE; M; Ihh; 

hlh; hih; hlh; hlh; Ehl; hhl; hhl; hhl; IhE; lEh; IhS; Ihh; hlh; hlE; hlh; hlh. 

VI. Hexagonal System. 

A. Rhombohedral Division 

21. 30 Rhombohedral Axes: (a) 111; (6) III. Hexagonal Axes: (a') 0001. 
(6') OOOl. 

22. 3Ci Rhombohedral Axes: (a) 111; III. Hexagonal Axes: (a') 0001; OOOT. 

23. 3e Rhombohedral Axes: (o) 111. (5) III. (c_) hhl; Ihh; hlh. Hexagonal 
Axes: (a') 0001. (6') 0001. (c') h, 1^ 2h, 1; 2h^h, h, 1; h, 2h, h, 1 

24. 3D Rhombohedral Axes: (a) 111; llj. (6) 110; Oil; 101. (c) 110; Oil; 

lOT. Hexagonal Axes: (a') 0001; OOOl. (6') ll50; 2H0; 1210. (c') Il20; 

2ll0; 1210. 

25. 3Di Rhombohedral Axes:_ (a) 111; III. (6) lIO; Oil; TOl; TlO; Oil; lOT. 
(c) hhl; Ihh; hlh; Ehl; Ihh; hlh. Hexagonal ^xes: (a')_0001; OOOl. (6') 1120; 
2110; 1210; Il20; 2ll0; I2l0. (c') hhOl; Ohhl; EOhl; OEhl; hhOl; hOhl. 

B. Hexagonal Division 

26. 6c (a) OOOl; OOOl. (6) h, k, - (h + k), 0; - (h + k), h, k, 0; k, - (h + k), 
h, 0. 

27. 6d (a)_ OOOl; OOOL _ (6) 1120; 2110;_ 1210. (c) 1120; 2ll0; T2l0. (d) h, h, 
2S, 1; 2h, h, h, 1; h, 2E, h, 1; 2E, h, h, I; h, h, 2E, I; h, 2E, h, 1. (e) h, k, — (h 
+ k), 0; - (h + k), h, k, 0; k, - (h + k), h, 0; — (h + k), k, h, 0; k, h, - Oi 
+ k), 0; h, - (h + k), k, 0. 

28. 6C- (a) OOOl. (6) OOOl. 

29. 6Ci (a) OOOl; OOOl. (6) h, k, - (h + k), 0; - (h + k), h, k, 0; k, - (h + k), - 
h, 0; - h, - k, (h + k), 0; (h + kE - h, - k, 0; — k, (h + k), — h, 0. 

30. 6e (a) OOOl. (6) OOOl. (c) h, h, 2E, E 2E, h, h, 1; h, 2E, h, 1; E, E, 2h, 1; 
2 h, h, h, 1; E, 2 h, E, 1. (d) hEol; Ohhl; hOhl; EhOl; Ohhl; hOhl. 

31. 6D (a) OOOl; OOOl. (b) 1120; 2110; 1210; Il20; 2ll0; I2l0. (c) lIOO; 

OlIO; lOlO; 1100; OllO; lOlO. 

32. 6Di (a) OOOl; OOOl. (b) 1120; 2110; I2l0; ll20; 2ll0; I2T0. (c) lIOO; 
OlIO; lOlO; IlOO; OllO; lOlO. (d) h, k, - (h + k), 0; - (h + k), h, k, 0; 
k, - (h + k), h, 0; - h, - k, (h + k), 0; (h + k), - h, - k, 0; - k, (h + k), 
- h, 0; k, h, - (h + k), 0; - (h + k), k, h, 0; h, - (h + k), k, 0; - k, - h, 
(h + k), 0; (h_+ k), - k, - h, 0; -_h, (h + k)_, - k, 0; (e) h, h, 2h, 1; 
2hj h) h, 1; h, 2hj h, 1; h, h^ 2hj 1; 2h, h, h, 1; h, 2h, h, 1; 2h,^hj h, I, h, h, 2h, I; 
h, 2E, h, I; 2h, E, h, I;_E, E, 2h, i;_E, 2h, £, 1. (/) hEOl; Ohhl; EOhl; EhOl; Ohhl; 
hOhl; Ohhl; hhOl; hOhl; Ohhl; hhOl; EOhl. 

obtained with the aid of Table II (for hexagonal crystals) and by substi- 
tuting h, k and 1 for x, y and z in the description of equivalent points (for 
all other classes.) 

It has usually been the practice in crystallographic description to 
choose the Y-axis as the principal axis for monoclinic and orthorhombic 
groups.. In this work the Z-axis of coordinates will always be taken as 
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the principal axis.^ Consequently if a monoclinic or orthorhombic crystal 
has been described by making the Y (or b) axis the principal one, it is 
necessary to interchange its Y and Z axes, and their indices, in order to 
obtain agreement with the method of description used here. 

Miscellaneous. — It sometimes happens that crystals will develop which 
are built up of two or more individuals having a definite but not parallel 
arrangement. These are twins. Thus components of a twin may be 
turned through an angle of 180° about some line of the crystal (the twinning 
axis) or they may be reflections of one another in a plane (the twinning 
■plane). The surface along which the two individuals are in contact is 
the composition plane. In some twins the components are entirely separate 
from one another except at the plane of meeting (the contact twins) , 
in others the separate parts closely intergrow (the penetration twins). 
Though such compound crystals as these can frequently be distinguished, 
for instance by the presence of reentrant angles, many twinned forms 
imitate almost exactly a single crystal of a higher symmetry. 

Symmetry characteristics have been obtained by other methods than 
the study of the distribution of hke faces upon a single crystal. Of these 
the most widely usable as far as it goes, and perhaps the most reliable of 
all methods of studying symmetry, is an investigation of the optical 
properties. Attempts also are made to deduce symmetry from the shapes 
and arrangements of the tiny pits that result from a slight corrosion of 
crystal faces (the etch figures) or from the shapes of the bodies obtained 
by slowly dissolving single crystals (solution figures). Furthermore, when 
some crystals having a comparatively low degree of symmetry are heated 
or otherwise mechanically strained they develop regions of positive and 
negative electrification in the same specimen. Knowledge of symmetry 
properties can be obtained from a study of the distribution of these areas. 
Strongly magnetic crystals with low symmetry often have very different 
magnetic properties in different directions; their investigation would 
consequently give valuable information concerning symmetry. 

The Internal Symmetry of Crystals 

Discussion thus far has been concerned with the kinds of symmetry 
exhibited by a crystal as a whole. If several specimens of the same crystal 
are examined they are always found to exhibit the same symmetry char- 
acteristics no matter what may be their absolute size. Likewise if a large 

1 This is usually done in theoretical crystallography because of the greater logical 
consistency which results. 

' * Some of the space groups were deduced by L. Sohncke, Bntwickfilung oiner 
Theorie der Krystallstruktur (Leipzig, 1879) . All of the 230 space groups Were deduced 
in three separate ways by: 
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rhombohedral fragment of calcite (CaCOs), for example, is split into bits 
by successive blows it will cleave into many minute rhombohedrons each 
of which possesses the same symmetry properties as the original piece. 
Such observations as these early led to the conception of the problem of 
determining the manner in which the elements of symmetry are repeated 
and distributed throughout the body of a crystal. 

The 32 point groups themselves give all of the ways in which elements 
of symmetry can be arranged about a single point in space to yield crystallo- 
graphic symmetry. The problem, then, of the spacial grouping of sym- 
metry elements in crystals is concerned with (1) the nature of the patterns 
according to which these point groups (or their equivalents) can be sym- 
metrically distributed throughout space and (2) the investigation of other 
groups of points than the point groups which, when repeated according to 
these same patterns, will yield an aggregate having the necessary symmetry 
characteristics. The symmetrical patterns according to which these 
groups of points may be repeated are the svaceAg Uice s; one of the spacial 
distributions of symmetry elements which as a whole has crystal symmetry 
is a space group. All of such indejOinitely extended arrangements of ele- 
ments with crystallographic symmetry appear to have been obtained 
through the development of the theory of space groups. 

It can be shown that there is but one space lattice for triclinic crystals. 
Designated as Ttr, it is illustrated in Figure 47. The lines X, Y and Z 
are the triclinic axes of reference. The elements of symmetry associated 
with one point in space, such as 0, must likewise be found about every 
other point of the lattice, B, C, . . . , etc. Distances between neighbor- 
ing lattice points along the X-axis are all equal and are designated as 
2 Tx, the primitive translation along this coordinate axis. Similarly the 
separations between neighboring points along the Y and the Z-axes are 


(1) E, Fedorov, Zeitsch. f. Krystal, 209 (1895). TMs is an account of work 
published in Kussian several years previously. 

(2) A. Schoenflies, Krystallsysteme und Krystallstruktur (Leipzig, 1891). 

(3) W. Barlow, Zeitsch. f. Krystal. 1 (1894). A derivation of the space groups 
making use of methods of representation of both Fedorov and Schoenflies is to be 
found m 

(4) H. Hilton, Mathematical Crystallography (Oxford, 1903). This work likewise 

contains a mathematical discussion, of other phases of crystal symmetry. Space groups 
have also been reviewed by ^ , 

(5) S. Ki*eutz, Elomente der Theorie der Krystallstruktur (Leipzig, 1915), who gives 
developments which have influenced the growth of European methods of crystal struc- 
ture study. The most satisfactory discussion of the theory of space groups is to be 
found in a newly published book : 

(6) A. Schoenflies, Theorie der Kristallstruktur (Berlin, 1923). The direct appli- 
cation of space group results in the determination of the structure of crystals using X-rays 

has been discussed by . , . „ , . j x- /t • • 

(7) P. Niggli, Geometrische Krystallographie des Discontmuums (Leipzig, 1919) 

R. W. G. WyckofE, Am. J. Soi. 1 , 124 (1921). 
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aU equal to 2 Xy and 2 r, respectively. The proportionality a : b : c = 
2 Tx t 2 Ty ; 2 Tj, where a i b : c is the axial ratio, must always hold 
true. A lattice thus may be defined, when necessary, by giving the nature 
of the coordinate axes, and the primitive translations along these axes, 
of points adjacent to one chosen as the origin. Accordingly the lattice 


Z 



Fig. 47. — A portion from the triclinic space lattice Ttr- The prism OABCDKFG is 

the unit cell. 

Ftr is completely described by giving its primitive translations along the 
triclinic axes as =«= 2 2 ry, ±2 Tj.. In a similar fashion the primitive 

translations of the cubic space lattice (Figure 48) are: 2ry; 

Stz; Tx; Ty, rz. There are 14 space lattices in all, identical with the 
14 lattices of Bravais. Each has the complete symmetry of one of the 
seven systems of crystal symmetry. One is associated with triclinic, two 
with monoclinic, four with orthorhombic^ two with tetragonal, throe with 
cubic and two with hexagonal symmetry. 

A space group, and in fact the only one, having hemihedral triclinic 
symmetry will be obtained by placing the point group IC at each point 
of the space lattice (Figure 47). The group 1C has been said (page 23) 
to have only one-fold axes, the operations of which are simply to bring a 
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point into coincidence with itself. For any point x'y'z^ which for example 
may represent the center of an atom in a corresponding crystal; there will 
thus be other identically similar points, or atoms, only at x' ± 2 
y^ =i= 2 nry, z' =±= 2 prz; where m, n and p can be any whole numbers 
including zero. 

If the symmetry elements associated with ICi, on the other hand, 
are placed at the points of the same lattice, a space group isomorphous 
with the triclinic holohedry will result. iCi has a center of S3rmmetry; 



consequently (Figure 49) the space group ^ (iCi — 1) consists of centers 
of symmetry located at the points of a triclinic lattice. With the origin 
at one of these centers the two points x'y^z' and x^y^z' are equivalent 
to one another (as positions for identical atoms, etc.). All of such equiva- 
lent positions within the group will be given by the two sets of co5rdinates: 

x' =1= 2 mrx, y' =»= 2 nry, z' 2 pr^; 

— x' 2 mr^, — y' =1= 2 nry, — z' =i= 2 pr^ 

where, as before, m, n and p may be any integers including zero. 

“ In order to discuss the properties of a space grouping of points it is 
convenient to select some portion the behavior of which will be repre- 
sentative of the indefinitely extended whole. For many purposes, in- 
cluding all those of crystal analysis, the unit cell may 

1 The space group notation is a simple modification of that for the point groups: 
thus the space group 4Di-m (D 4 ii’^) is simply the mth space group to be defined which 
in its aggregate exhibits the symmetry of the point group 4Di (D 4 ^). 
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smaUest W the^entire grouping when repeated 

i ndefinitely by simB L^anjlations alon^ Reference 

to Figure 47 shows that the parfflelopiped OABGDEFG is such an ele- 
mentary prism for the space lattice Ftr* The similar unit prism for the 





Fia« 49. — A portion from the space group (lCi~l). Centers of symmetry, located at 
comers of the unit cells, are shown by black circles. The small open circles are 
equivalent points of the space group. The two points xyz and xyz are associated with 
the lattice point 0. 


space group flCi — 1) is shown in Figure 60. The two equivalent points 
contained within it are x'yV and 2 — x', 2 Ty — y', 2 Tj; — These 

coordinates become simpler by choosing as unit domain a region En- 
circling the origin but still having the volume of the unit parallelepiped. 
The two equivalent points of (1C — 1) within this space are then: x'y'iz'; 
x'y^z'. These two representations are equivalent to one another in all 
essential respects. The unit cells of space groups with other symmetry 
have identically the same relation to the indefinitely extended grouping 
that the unit cell OABGDEFG (Figure 50) bears to the space group 
ICi — 1 of Figure 49. Thus if (Figure 47) 

I. The side OA 5 ^ OC OD and the angle COA ^ /DOA>=5 
ZDOC 9 ^ 90^, the unit is, as has just been stated, the triclinxo unit cell. 
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If II. OA 7 ^ OC OD and ZCOA 90° but ZDOA = ZDOC 
= 90°; the unit is monoclinic. 

III. OA 7 ^ OC 7 ^ OD and ZCOA = ZDOA = ZDOC =90° for 
the orthorhombic unit cell. 

IV. OA = OC 7 ^ OD and ZCOA = ZDOA = ZDOC = 90° for 
the tetragonal unit cell. 



Fig. 60. — The unit cell of the space group lCi-1 giving all of its symmetry characteristics. 
Consideration shows that if centers of symmetry are located at 0, A, B, etc., as in 
Fig. 49, there must also be centers at the other points marked by black circles in 
this figure. The two generally equivalent points contained within the unit are marked 
by open circles. 


V. OA = 00 = OD and ZCOA = ZDOA = ZDOC = 90° for the 
unit cube. 

VI. OA = OC = OD and ZCOA = ZDOA = ZDOC 5-^ 90° for 
the unit rhombohedron. 

VII. OA = OC 5 ^ OD and ZCOA = 120° and ZDOA = ZDOC 
= 90° for the hexagonal unit cell. 
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A geometrical account of a space group is supplied by the statement 
of the distribution of its symmetry elements about a point of its funda- 
mental lattice together with the primitive translations of the latter. The 
co5rdinates of the equivalent points that are contained within the unit 
cell or the unit domain also supply all the information necessary for the 
reconstruction of a space group. Hence the preceding discussion has 
furnished a means of giving a simple and complete analytical desciiption 
of a space group. For ICi — 1 the equivalent positions within the 
triclinic unit have been shown to be and x^y^z . An exactly similar 
representation can be given of all of the more complicated groups pos- 
sessing higher symmetries. 

It is more convenient for many purposes to use x, y and z as coordinates 
to represent fractional parts of the unit axial lengths (and of lengths of 
the sides of unit cells) . These new coordinates then bear to y ^ and z', 
which are absolute measures of distance; the relations x = x'/^, y = y Vb, 
z == z'/c where a; b and c are the unit lengths along the X-; Y- and Z-axes 
of reference. 

It has become customary to use coordinates of points within the unit 
domain because of their greater simplicity. Particularly on account of 
the easier representation by models, however, a space grouping is often 
described by giving the contents of the unit parallelepiped. This dual 
usage need introduce no difficulties if the practical identity of the two is 
borne in mind and if it is remembered that for every point of the unit 
domain having a negative component along one or more coordinate axes 
and thus lying outside the unit prism, coordinates of a corresponding 
point within the prism can be obtained by adding unit lengths along the 
appropriate axes. For example the coordinates of the equivalent points 
of the monochnic space group 2Ci — 1 are written: 

xyz; 5^z; xyz; xyz; or x'y'z'; x'y'z'; x'yY; xYz\ 

The complete coordinates of the equivalent points within the unit mono- 
clinic prism then are 

x'y'^'l a — x',b — y', z'; a — x', b — y', c — z'; x', y', c — z. 

The nnit cell of this space group is shown in Figure 51. The co5rdinates 
of the equivalent points within the unit parallelopiped for each of the 
space groups can be obtained from those of the atoms in the unit domain 
in the same way. 

It has already been suggested that the space groups define the positions 
that can be occupied by the atoms in crystals. Thus if an atom is located 
at the point xyz within a crystal, there must be exactly similar atoms at 
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each of the other equivalent points within the unit prism, or domain, of 
its corresponding space group and at the equivalent points arising from a 
repetition of this unit along the axes of reference. There may as a result 



be as many atoms all alike within the unit prism of a crystal as there are 
equivalent points 'in the unit of its corresponding space group. This 
number will range anywhere from one, in the trichnic space group iCi — 1 
just considered to 192 in such holohedral cubic groups as 0 — 5, 
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If, however, an equivalent point, or an atom, has such coordinates 
that it occupies a special position in lying in some element of symmetry , 
the number of the points like it will be less than the maximum number of 
generally equivalent points. For instance in the space group iCi — 1 
(Figures 49 and 50), if x = y == z = 0, the two equivalent points xyz 
and xyz coalesce in the single special position 000 located at the origin, 
and other corners, of the unit prism. ^ Similarly by making x = y — z — 

or X = y = 0 and z - i or X - y = i and z = 0, the singly equivalent 

points iih 00 and i J 0 will arise.^ It is thus seen that the number is 
halved if an equivalent point lies in one of the centers of symmetry. The 
space group 4C — 1 will furnish another simple example. This group is 
obtained by placing the point group 4C at points of the first tetragonal 
space lattice r*. This lattice differs from Ftr (Figure 47) in that its axes 
of reference are the mutually perpendicular tetragonal axes, two of which 
(X- and Y-) have equal unit lengths. Its primitive translations hence are 
2 2 ry, 2 T;, where r,, = ry; and the unit cell is a right prism with a 

square base and points of the lattice at the corners. The coordinates of 
the generally equivalent points within the unit domain of 40 1 then are . 

xyzj yxz* xyzj yxz. Accordingly the equivalent positions (Figure 52) 
within this unit prism are x'y'z'] a — y', x', z'; a — x', b — y', z'; y', 
b — x', z' where a = b in length. If an equivalent point lies in a four- 
fold axis, it will remain unaffected by the operations of this axis so that 
the four generally equivalent points will be reduced to single ones with 
either the coordinates (Figirre 52) OOz or H z. The point yxz arises from 
xyz by the operation of the 90'^ axis coincident with the Z-axis of reference; 
to find analytically the coordinates of the point which, lying in this rota- 
tion axis, will be unaffected by its operations, it is necessary to equate 
X, y and z to •— y, x and z (or x', y' and z' to a — y', x' and z') respectively. 
This procedure leads directly to OOz and ||z, as before. All of these 
special cases of a space group can be obtained geometrically by placing 
a generally equivalent point successively upon each of the elements of 
symmetry which it possesses, or in a pmely analytical way they can be 
found by continuing the procedure just outlined of equating the co5rdinatos 
of every other equivalent point contained within the unit to the first 
point xyz. 

Measurement of the X-ray diffraction effects from crystals seems to 
show conclusively that the number of chemical molecules associated with 

^Though eight equivalent points, or atoms, in this special position are located at 
the eight comers of the unit parallelepiped only one complete point is associated with 
each unit. This may be imagined as due to the fact that with every one of these equiv- 
alent points contributing a part, and a different part, to eight chfferent units, those at 
the corners of one unit parallelepiped together place a whole point within it. ^ 

® All of the other permutations of 0 and 14 taken three at a time also will furnish 
singly equivalent points of this group. 
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the unit cell is usually smail As positions for atoms these special positions 
thus become of the greatest importance and a Imowledge of all of them 
is required for any serious application of space group theory to the 
determination of crystal structures. This information ^ has now been 



Fig. 52. — The unit cell of the tetragonal space group 4C-1. The single four-fold axis 
passing through the corner of the unit places another four-fold axis through the 
center and two-fold axes in the positions shown in this figure. The four equivalent 
points (marked by small black circles) grouped about the origin 0 may be taken as 
the points of the unit domain. The four generally equivalent points lying within 
the unit prism are marked by the small open circles. If the coordinates of these 
points are such that they lie upon the two-fold axes, their number is reduced to the 
two equivalent positions: OJu; |0u (shown as medium sized black circles). Where 
the coordinate values are such as to place the equivalent points upon the four-fold 
axes, either the singly equivalent OOu (marked by large black circles) or the singly 
equivalent position ^J-u (marked by a large annulus) is the result. 


^ The generally equivalent positions were stated in outline form by A. Schoenflies, 
Krystallsysteme und Krystallstruktur (Leipzig, 1891) ; some of the special cases are 
given in P. Niggli, Geometrische Krystallographie des Discontinuums (Leipzig, 1919); 
all are stated by R. W. G. Wyckoff, An Analytical Expression of the Results of the 
Theory of Space Groups (Carnegie Institution of Washington, Publication No. 318). 
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obtained and tabulated; numerous examples of its application will be 
give in subsequent chapters. 

The character of this use can, however, be illustrated by a very simple 
case. If by some means it could be shown that the space group correspond- 
ing to a particular crystal of chemical composition RX 4 was 4C ~ 1 and 
that one chemical molecule was associated with the unit, then the knowl- 
edge of the coordinates of all of the special and general cases of the space 
groups ^ shows that the atom R must have the position OOu (or I u) 
and the atoms of X the coordinates xyz; yxz; xyz; yxz; where of course 
u, X, y and z may have any fractional values. If the space group cannot 
be determined directly it still is possible to write down in this same way 
all of the atomic arrangements deducible from the several space groups 
having the type of symmetry exhibited by the crystal under examination. 

It is believed that the theory of space groups gives a complete geo- 
metrical answer to the problem of the symmetry properties of crystals. 
As such it is a tool of the widest usefulness in the physical examination 
of crystals and their properties. 

1 E. W. G. Wyckoff, An Analytical Expression of the Results of the Theory of Space 
jrroups (Washington, 1922), p. 79. 



Chapter II. Some Properties of X-rays 


X-radiation is produced whenever fast-moving electrons impinge upon 
matter. An X-ray tube is essentially a device for making possible this 
interaction. In its first forms it consisted of a glass tube with two metal 
electrodes between which a high voltage direct current could be passed. 
When the pressure in such a tube is reduced to a fraction of a millimeter 
electrons will be projected from the cathode and will give rise to X-rays 
on striking the metallic face of a target or anticathode interposed in their 
path. These early '^gas tubes’' are troublesome to operate because the 
character of the X-rays which they emit is conditioned in part by the 
pressure of the gas remaining in the tube and because this pressure itself 
changes as the tube is operated. X-ray tubes are now more often of the 
^'hot cathode" (Coolidge or Lilienfeldt) type. In this form the bulb is 
evacuated as completely as possible, the flow of electrons being conditioned 
by the temperature of an electrically heated tungsten or alkahne earth 
covered wire acting as the cathode. 

The nature of X-rays was in doubt for many years after their discovery. 
The observation of their diffraction by crystals and the successful inter- 
pretation of these effects in terms of the arrangements of the atoms in 
crystals has, however, shown unmistakably the fundamental similarity 
between X-rays and ordinary light radiations. 

The Wave Length of X-rays. — From early attempts to obtain diffrac- 
tion effects 1 with narrow slits, it was clear that if X-rays really were wave 
motions like light their lengths could not be greater than about 10“® cm. 
The first determination ^ of the exact wave length of X-rays was furnished 
through their diffraction effects from crystals. This determination was 
not conclusive but the agreement of its results with the quantum condi- 
tions and the large mass of existing X-ray data permits no serious doubt of 
its correctness. 

Studies of absorption of X-rays early indicated that the beam given 
out by an ordinary X-ray tube is not homogeneous. If, after the manner 
of Figure 53, a narrow pencil of X-rays defined by two lead slits strikes 

1 H. Haga u. C. H. Wind, Ann. d. Phys. 10, 305 (1903); B. Walter u. R. Pohl, Ann. 
d. Phys. 26, 715 (1908); 29, 331 (1908). A. Sommerfeld, Ibid. 38, 473 (1912). P. P. 
Koch, Ibid. 38, 507 (1912). 

2 iV. H. Bragg, Proc. Roy. Soc. A. 89, 246 (1913). 
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the face of a crystal C mounted upon the axis of a rotating table, the 
X-ray beam mil be drawn out into a spectrum on a photographic plate 
at D. With X-rays analogous to light the following expression (Chapter 
III) connects the wave lengths \ with the atomic spacings of the '' reflect- 
ing’’ crystal:^ 

nX = 2 d sin 0 (2) 

where n is the "order” of the spectral reflection; X is the wave length 
of the X-rays; d, the spacing between like atomic planes normal to the 



Fig. 53. — The arrangement for X-ray reflection. The beam of X-rays after passing 
through the slits strikes the crystal face C rotating about an axis normal to the 
plane of the paper and is spread out into a spectrum along D. When a ray is ^‘re- 
flected'^ from C the angle of incidence, 6, is equal to the angle of '' reflection," di. 

reflecting crystal face, is a constant for the crystal used; and 6 equals 
one half the angle of deviation of the X-ray beam. The spectrum thus 
obtained at about 50,000 volts from an X-ray tube having a tungsten 
target is shown in Figure 54; the cleavage (100) face of calcite is used 
as the crystal C (of Figure 53). This spectrum consists of two distinct 
parts: (1) sharp lines, the characteristic radiation, impressed upon (2) 
a more or less unbroken background. This background, composed of a 
continuous series of wave lengths, is commonly called the white radia- 
tion’’ from its similarity to white light. Usually both types will be present 
in the radiation from an X-ray tube. The positions of the lines in the 
characteristic radiation are determined solely by the material of the 
anticathode from which they arise; the wave length limits of the white 
radiation and the distribution of intensity within these limits, on the 
other hand, depend also upon the voltage impressed on the tube. The 
continuous radiation does not gradually become less and less intense 
until the central image of zero diffraction, and zero wave length, is reached 
but has a definite short wave length limit (Figure 54). 

This observation,^ which is confirmed by accurate measurement upon 
photographs and with other indicating devices, provides the opportunity 

^ W. L. Bragg, Proc. Camb. Phil. Soc. 17, 43 (1912). 

^ W. Duane and F. S. Hunt, Phys. Eev. d, 166 (1915), 
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of determining the wave length of X-rays through the application of 
quantum principles. The energy of the fastest moving electrons striking 
the target is measured by the product of the voltage^V' applied to the 
tube and the charge e on the electron.' If the frequency v of the excited 



Fig. 54. — The spectrum obtained from tungsten with an impressed voltage of about 
50,000 volts, the cleavage face of calcite being used as ''reflector.” The region 
included within a is continuous white radiation; 6 designates the L-series charac- 
teristic Hues. The critical absorption limit for silver (in the first reflected order) is 
marked c, that for bromine is marked d. The spectrum stops sharply at e. 

rays corresponding to this limit is connected with the energy E through 
the quantum relation E = hV, then 

V'e = E = hV (3) 

In this expression h' is Planck's constant. Eemembering that v = c'/X, 
where c' is the velocity of light and X the wave length of the X-rays, it is 

seen that X = All of the terms upon the right-hand side of this 

V'e 

equation are either kuown or determinable with a considerable degree of 
accuracy. A similar, though only approximate determination of wave 
length will result from an investigation of the voltage necessary to excite 
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the characteristic radiation of an element. ^ It has already been pointed 
out that this radiation consists of a series of sharply defined lines. Experi- 
ment shows that when the voltage is increased beyond a point for which 
the corresponding energy in the electron stream is too low to excite any 
characteristic radiation, a point finally will be reached at which all of 
these lines will flash out together.* If the minimum energy requisite for 
the production of such a spectrum is made equivalent to the frequency 
of the shortest characteristic line to appear, frequency values will result 
which are a fraction of one per cent less than those calculable from the 
low wave length limit of the continuous spectrum.* 

The first determination * of the wave length of X-rays was obtained 
through spectrum observations upon sodium chloride and allied crystals. 
As already stated, the connection between the angle of reflection from 
a cube (100) face of sodium chloride, the wave length of the “reflected” 
X-rays and the spacing normal to the “reflecting” face is given by the 
expression nX = 2 dioo sin e. The spacing between geometrically like 
cube faces is equal to the length of the edge of the unit cube. The volume 
V of the unit must be the product of the mass of a single chemical mole- 
cule of sodium chloride (NaCl) multiplied by the number of these mole- 
cules (m) associated with the unit cell and divided by the density p of 
the salt. In other words: 


. mM 

(dioo)« = — = V 


substituting this value of dioo iu expression (2) : 

= (4) 

If now it is assumed that sodium chloride has an atomic arrangement the 
unit cell of which is shown in Figure 55 (cf. Figure 47), m will equal four. 
Since the plane parallel to the cube face midway between the two sides 
of the unit cell (OABCDEFG) is physically identical with the pianos 
bounding the unit cube, n will equal two for the first reflection to appear 
at the angle The mass of the hydrogen atom, and hence of the sodium 
chloride molecule, is known from Avogadro’s number and the value for X 
is’ therefore immediately determinable. The results from this dotermina- 


^W. H. Bragg, op, cit.; W. H. and W. L. Bragg, X-rays and Crystal Structure 
(London, 1918), Chap. VI. 

2 This is striepy true only of the lines of the K-series. The longer wave length 
characteristic radiations are emitted in three or more groups rather than at once. The 
arguments presented here apply equally well to the shortest wave length component 
of each of these groups. 

® B. L. Webster, Phys. Rev. 7, 599 (1916). 

^W.H. Bragg, op. cit. 
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tion are in agreement with those based upon the quantum calculations. 
As a conclusive fixing of the wave length this method is unsatisfactory ^ 
because of its fundamental assumption of a structure for sodium chloride. 
Its agreement with quantum conditions, however, especially when com- 
bined with its successful application to many other crystals and in other 
fields of X-ray study leaves little doubt of the correctness of the absolute 
wave lengths thus assigned to X-rays. 

The lengths of the X-rays produced under ordinary conditions range 
from about 2.50 A° to about 0.06 A°. An Angstrom Unit (1 A°) is 
1 X 10"^ cm. X-rays as long as 14 A"^ have been measured by the spectro- 
scopic method that has been outlined; some T-rays, considered to be very 
short X-rays, have lengths that probably are of the order of O.OIA"^. A 



Fig. 55. — The unit cell of the sodium chloride arrangement of atoms. , The positions 
of one kind of atom are represented by ringed circles, of the other by black circles. 
This unit cell OABCDEFG is strictly analogous to the corresponding units of 
Figs. 47, 48, etc. 


picture of the length of these waves is furnished by remembering that X for 
visible light ranges between about 7800 A® and 4000 A®. 

Before the wave lengths of X-rays could be directly studied through 
spectroscopic observations (Figure 53) their quality was measured by 
their hardness’^ or penetrability for some standard substance, usually 
taken as metallic aluminum or copper. 

It is now recognized that, other things being equal, ^'harder’' rays 
have a shorter wave length. 

X-Rays Produced by Different Elements. Characteristic Radiation , — 
The characteristic (line) spectra of the elements have been carefully 
studied and measured.^ The radiations producing them presumably arise 
from changes in the energy content of atoms and thus are primarily 

1 R. W. G. Wyckoff. J. Wash. Acad. Sci. 11 y 366 (1921). 

2 Especially by M. Siegbahn et al. All of these data of use in crystal analysis are 
collected by W. Duane, Bull. Nat. Research Council J, No. 6 (1920). 
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atomic, as opposed to molecular, phenomena. In accordance with this 
conclusion it has inraxiably been found that the X-ray spectrutn from a 
compound is almost exactly the simple sum of the spectra of its component 
elements. 

Pour distinct series of line spectra for an element have been discovered. 
They are usually designated as the N-scries, the M-scrics, the L-series 
and the K-series.^ For a particular atom the N-serios lines have the longest, 
the M-series lines shorter, the L-series lines still shorter, and the Iv-BCries 
lines the shortest wave lengths. Each of these series consists of rcdaltvcd}^ 
few lines. The same lines occur from different elements, with progres- 
sively altered wave lengths (Figure 56). In passing from elciricnt to ele- 
ment in the direction of increasing atomic number the wave lengths of a 
line in a series decrease in a regular fashion. By plotting the s(juare root 
of the frequency, V of corresponding lines against atomic numbors (N), 
a group of nearly straight lines will bo obtained.^ The many relations 
that have been found to exist between lines in the same series and dif- 
ferent series find extensive use in the development of theories of atomic 
structure.^ 

It has been said that the K-sories spectra will be omitted when and 
only when the impressed voltage is at least a fraction of one per cent 
greater than that which corresponds, by the quantum relation, to the 
frequency of the shortest K-line. The wave length with an energy equiva- 
lent through the quantum relation to this critical voltage may bo called 
the quantum wave length.^ If the voltage is above this value for an 
element which displays all four series then the characteristic spectrum 
of the element will consist of not only the K-lincs but those of the L-, 
M- and N- series as well. Whereas the K-series lines arc called into 
being together, the L-series has three and the M-series possibly five 
critical voltages. With increasing potential across a tube the N-series 
lines would first make their appearance, probably in several sections, to 
be followed by the five (?) parts of the M-serics, the three parts of the 
L-series and finally by the K-lines. It would thus be possible by an ap- 
propriate adjustment of voltage to produce only a portion of the Ir, M- 
or X-series of an element but the K-series spectrum must be had either 
in its entirety or not at all. 

All four series are not found for most atoms. N-seriea linos have yet 
been observed from only a few of the heaviest elements. The Mdines 
have been observed from the elements from dysprosium (atomic number 

1 Recently a few 0-series lines have been measured. 

* H, G. J, Moseley, PM. Mag. $6, 1024 (1913): ^7, 703 (1914). . 

* See A. Sommerfeld [H. L. Bose, translator], Atomic Structure and Bpeetral Hnes. 
id Edition, 1923. 

* W. Duane, op. cit. 
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= 66) to uranium (atomic number = 92). The L-series has been measured 
for zinc and all of the heavier elements. Spectra in the K-series are re- 
corded from sodium to platinum. 



Fia. 66. — In this figure atomic numbers are plotted as ordinates and the -wave lengths 
of the strongest lines in each of the characteristic series as abscissas. 


In studying the structures of crystals it is necessary to know accurately 
the wave lengths of the characteristic X-rays from elements that are used 
as targets in X-ray tubes. The present practice in making anticathodes 
usually employs either tungsten or molybdenum although rhodium, 
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palladium, platinum, iridium and sometimes brass, copper and iron may 
be encountered. The wave lengths in the spectrum of these subst-anc(is 
and a few other useful elements are given in Tables I and IL 

Table I. Wave Lengths of K-series Lines op Some Elements 


Ei,eme?it At. No. q>2 

Iron 26 1.932A'’ 1.9324 1.7540 1.736 

Copper 29 1.543 1.5374 1.3389 1.382 

Zinc 30 1.437 1.433 1.294 1.281 

Bromine 35 1.040 1.035 0.929 0.914 

Zirconium 40 0.793 0.788 0.705 ■— 

Molybdenum 42 0.7121 0.7078 0.G311 0.G197 

Ruthenium 44 — 0.615 0,574 

Rhodium 45 0.6164 0.6121 0.5453 0.5342 

Palladium 46 0.500 0.586 0.521 

Silver 47 0.567 0.502 0,501 0.49l 

Cadmium 48 0.543 0.538 0.479 

Tin 50 0.490 0.487 0.432 — 

Iodine 53 — 0.437 0.388 

Tungsten 74 0.2134 0.2080 0.1842 0.1790 


Note: The data of this and the following table have been taken from W. Duane, 
op. cit. 

The General or ^^White^^ Radiation. — Less of a quantitative nature^ 
is known about the continuous X-ray spectrum obtained from metals 
acting as anticathodes. Its general character is shown by the intensity- 
wave length curves of Figure 57. With increasing wave length the in- 
tensity rises rapidly from zero to a more or less pronounced maximum, 
after which it drops again to a small value. The quantum condiiions 
which determine the short wave length zero-point for different voltages 
have been discussed (page 68). Measurements of intensity distribixtion 
curves at various voltages, the same power being applied to the tube in 
every case, show (Figure 58) that not only does the ‘'white’' radiation 
become more intense the higher the voltage but its maximum likewise 
becomes more pronounced and is shifted at the same time towards shorter 
and shorter wave lengths. These phenomena for the general radiation 
from tungsten are probably typical of those from other metals. The 
curves of Figure 57 were prepared from tubes operated at 35,000 volts 
with a constant power consumption; nevertheless not only their shapes 
but also the absolute amount of continuous radiation for different ele-- 
ments are widely unlike. The curve for molybdenum gives an idea of the 

1 The following data are taken from papers by C. T. Ulrey, Phys. Rev. 11 , 401 (1918), 
and H. Kulenkampff, Ann. d. Physik 69 , 548 (1922). 
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relative intensity of the characteristic K-lines at this voltage compared 
with the surrounding “white” X-rays. The total amount of continuous 
radiation, and the intensity of its maximum, are evidently greater the 



Fig. 57.— a plot of intensity against wave length for X;ray.s from targets of three typ:- 
cal, metals. The applied voltage was 35,000 volts in each mstanco. (After O. t . 
UJrey, op. cit.). 


Table III. Data Showing the Extent to Which the Intensities of the Maxima 
OP the White Radiation prom Different Elements and the Total Eadia- 

TtON PROM these ELEMENTS ARE PROPORTIONAL TO THEIR AtOMIC NHMBEES 



Atomic 

Total Radution 

INTINSWT OJP 

Maximum op the 

Element 

Number 

XJlrey 

Kulenkampff 

White Radiation 

Platinum .... 

... 78 

78 units 

80.5 units 

77.5 units 

Tungsten 

. . . .74 

70.2 

— 

— 

Tin 

. . . .50 

— 

52,8 

61.2 

Silver 

. . . .47 

— 

48.2 

47.6 

Palladium 

. . . .46 

47 

— 


Molybdenum . . . 

. . . .42 

42.3 

— 

— 

Copper 

. . . .29 

— 

29.0 

29.0 

Nickel 

. . . .28 

35.6 

— 

28.0 

Cobalt 

. . . .27 

— 

— . 

271 

Iron 

... 26 

— 

— 

25.9 

Chromium .... 

... 24 

27 

— 

— 

Aluminum .... 

... 13 

— 

11.5 

1L8 
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higher the atomic number of the anticathode. Measurements i of the 
total radiation for voltages from 19,000 to 41,000 volts from targets of 
copper, nickel, cobalt and iron seem to show not only an increase of radia- 
tion with atomic number, instead of atomic weight, but a proportionality 
between the two. The areas under the intensity curves arising from one 



Fra. 58. — Curves showing the distribution with wave length of the continuous radiation 
from tungsten at several voltages. (After C. T. Ulrey, op. cit.). 

set of observations notf^how such an exact proportionality (Table III 
and Figure 59) but more recent experiments® (made at about 10,000 volts), 
in which corrections were introduced for the amount of absorption in the 
target, indicate that not only the total radiation but the intensity of the 

> W. Puane and T. Shimizu, Phys. Rev. 11, 491 (1918). 

»C. T. Ulrey, Phys. Rev. 11, 401 (1918). 

»H. Kulenkampff, Ann. d. Physik 69, 548 (1922); E. Wagner and H. Kulenkampff, 
Physikal. Z. SS, 603 (1922). 
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maximum of the continuous region is closely proportional to the atomic 
number (Table III and Figure 59). 



Fig. 59. — Plots of data recorded in Table III showing the variation of the total radia- 
tion with change in the atomic number of the target. The black circles arc rneasurc- 
ments by TJlrey (op. cit.), the open circles are those by Kulonkainpff (op. cit.). 

Absorption of X-rays and tbe Reemission of Secondary Radiation 

In spite of their most striking property being the ability to penetrate 
otherwise opaque substances, X-rays of all wave lengths are absorbed to 
some extent in passing through any substance. It has been shown that 
with monochromatic rays the fraction absorbed is the same for equal 
thicknesses of the absorber. This is the same law that holds for the 
absorption of ordinary light in an imperfectly transparent medium, 
namely: 

I (5) 

where I is the amount of the transmitted radiation, lo is its original in- 
tensity, x" is the thickness of the absorbing medium and m is a constant, 
the so-called absorption coefficient. Another constant, /i/p, the mass 
absorption coefficient, is obtained by modifying this equation through the 
introduction of the density p of the absorbing substance so that 

I (Q) 

This coefficient is particularly important in working with the absorption 
of X-rays because it has been found to be a constant for a particular sub- 
stance irrespective of its physical state. Thus a compound will have the 
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same mass absorption coefficient, though, of course not the same absorp- 
tion coefficient, whether it is a solid, a liquid or a gas. This is equivalent 
to the statement that the amount of the absorption of X-rays is con- 
ditioned by the amount of matter in their path. It is a corollary of this 
fact that the absorption is independent of the state of chemical combina- 
tion: hence the opacity of a chemical compound can be calculated directly 
from the absorptions of its constituent elements. 

A considerable portion of the energy absorbed when X-rays strike a 
body is emitted again as X-radiation. These rays that are produced not 
by the direct bombardment of a substance by electrons but through the 
action of X-rays themselves are called secondary X-rays.^ Secondary 
X-rays are of various kinds and arise as a result of several distinct processes 
taking place within the absorbing body. 

Some of the primary X-rays on striking the atoms of the absorber 
seemingly put electrons into a state of forced vibration with the conse- 
quent emission of scattered X-rays, It has been supposed that the wave 
lengths of these scattered rays are identical with those of the radiation 
producing them; recent experiments,^ however, seem to show that at 
least some of them are slightly softer. These pmely scattered rays bear 
definite phase relationships to the .wave producing them and interference 
effects are possible between them. 

Most of the energy of absorbed X-rays goes towards the liberation of 
electrons from atoms of the absorber. Under favorable conditions some 
of these appear as photo-electrons but most strike other atoms and either 
dissipate their energy as heat or give rise to X-rays, as in the production 
of primary radiation. Characteristic rays from elements in the absorber 
will be obtained if the energy (the hv value) of the incident X-rays is 
sufficiently great. Stokes^ law, that secondary or fluorescent radiation 
can never have a wave length shorter than the rays which produce it 
appears to hold universally for X-rays. This fact combined with the 
realization that all of the lines in a series, or sub-series for the L- and M- 
spectra, are produced at one time leads to the rule that secondary char- 
acteristic radiation from an element of an absorbing substance will be 
set up by incident X-rays of wave lengths equal to or shorter than the 
quantum wave length (page 72) for a series or sub-series. The shortest 
line in the K-series spectrum from molybdenum, for instance, has a wave 
length of 0.6197A° (Table I) ; consequently when shorter X-rays than this 
strike upon molybdenum they will call forth the lines of its K-series. 

1 Data upon properties of secondary X-radiations have been assembled by A. H . 
Compton, Bull. Nat. Research Council 4; No. 20 (1922). 

® A. H. Compton, op. cit.; P. A. Ross, Proc. Nat. Acad. Sci. 246 (1923). Still 
more recent experiments have failed to find this change of wave length [G. L. Clark 
^nd W; Duane, Prop. Nat. Acad. Sci., Dec. (1923)]. 
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Rhodium is the element that has strong K-lines (ai and in Table I) 
lying nearest to this wave length on the high frequency side; and conse- 
quently secondary K-radiation of molybdenum will be produced by the 
X-rays from a tube with a target of rhodium or a metal heavier than rho- 
dium. It has customarily been supposed that no phase relationships 
exist between the secondary rays produced' in a crystal and that conse- 
quently these rays would result in only a generally distributed fogging. 
This is unquestionably true of most of them and the possibility of their 
being produced within the crystal under investigation must always be 
taken into account. They must also be considered in the choice of ma- 
terials to serve as absorbing agents and in the design of spectrometers 
and other measuring instruments. In recent experiments » with white 
X-rays, however, an especially strong reflection has been found of wave 



Fig. 60. — Curves for typical metallic absorbers showing the mass absorption coefficients 
’ (uncorrected for scattering) at various wave lengths. (Data of F. K. Richtmyer, 
op. cit.). 

lengths characteristic of atoms in the reflecting crystal. As yet the proper- 
ties of this ^^characteristic reflection’’ are incompletely understood; but 
its very existence and the opportunity it offers of producing distinctive 
diffraction effects from only a part of the atoms of a crystal make it of 
immediate interest and probably of great future value to crystal analysis 
(see also page 159). 

^ G. L. Clark and W. Duane, Proc. Nat. Acad. Sci. 9, 126 (1923); J. Opt. 8oc. Am. 
7, 455 (1923); G. Mie, Zeit. f. Physik IS, 56 (1923). 
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A general parallelism is observed between the intensity of secondary 
X-ray emission and the amount of absorption. The phenomena of X-ray 
absorption can be shown by plotting n/p against wave length for several 
typical absorbing substances’- (Figure 60). Except for marked dis- 
continuities at certain positions the absorption decreases with a decrease 
in the wave length of the incident X-rays. When not in the region of these 
discontinuities the absorption for the same wave length increases with 
the atomic number of the absorber. There is a large production of second- 
ary characteristic radiation from an absorber whenever the critical quantum 
wave length (page 72) of a series is equaled and passed (in the direction 
of increasing frequency). Commensurate increases should therefore be 
observed in the absorption at these wave lengths and investigation shows 
that the sudden increases in absorption that are observed following the 
normal decrease with shortening wave length always occur at points which 
are the same to within a fraction of one per cent as the longest wave 
capable of exciting secondary characteristic radiation in the absorber 
(the quantum wave length). It is, for instance, a consequence of this 
relation that molybdenum (which requires for the excitation of its K-Hnes 
any wave length shorter than about 0.6197A°) is the proper absorbing 


Table IV. Some Critical Absorption Limits (K-Series) ^ 



Element 

Atomic Numbee 

Absokption Limit 

Iron 


26 

1.7396A° 

Copper .... 


29 

1.3785 

Zinc 


30 

1.2963 

Bromine .... 


35 

0.9179 

Zirconium . . . 


40 

0.6872 

Molybdenum . . 


42 

0.6184 

Ruthenium . . . 


44 

0.5584 

Rhodium .... 


45 

0.6330 

Palladium . . . 


46 

0.5075 

Silver 


47 

0.4850 

Cadmium . . . 


48 

0.4632 

Tin 


50 

0.4242 

Iodine 


53 

0.3737 

Tungsten . , . 


74 

0.1781 


substance to use if one desires to absorb selectively the K-radiation from 
rhodium, with a longest wave a 2 = 0.6164A°, but let any longer waves 
which may be present in the X-ray beam pass through with little change. 
Similarly ap inspection of Table IV shows that aU lines in the spectrum of 
molybdenum shorter than the two most intense lines ai and 0.2 (Table I) 

’ These data are given by F. K. Riohtmyer, Phys. Rev. 18, 13 (1921). 

* These data are taken from tables given by W. Duane, Bull. Nat. Research 
CouncU 1, No. 6 (1920). 
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can be strongly absorbed if zirconium is used. Table IV states the K-series 
critical absorption limits for those elements which find most common use 
in crystal structure study. 

Discontinuities in absorption occur in the region of the L-radiation 
but, whereas the break is a single one for the K-series, three distinct in- 
creases in absorption are to be noted in this longer wave length region ^ 
(Figure 61). This is in agreement with the observation that the L-series 



Fig. 61. — The probable absorption curve for platinum at different wave lengths. (After 

A. H. Compton, op. cit.). 


is a complex one capable of being excited in three separate portions and 
thus possessing three different critical emission wave lengths. 

Because the energy absorbed when X-rays impinge upon matter is 
devoted to several different processes, the mass absorption coefficient of 
equation (6) can be considered as a composite thing with one term given 
over to each process: 

Thus far in treating X-rays of ordinary wave lengths it has been customary 
merely to separate /i/p into two terms. One of these, cr/p, is the mass 
scattering coefficient; the other, the 'Hrue” mass absorption co- 
efficient, takes care of the rest of the absorption. Thus: 


This division permits of a reasonably good quantitative calculation of 
absorptions except in the regions immediately below critical absorption 
wave lengths. 


A which repr^ents the probable absorption of platinum, is copied from 

A. H. Compton, Bull. Nat.. Besearch Council 4 , No. 20 (1922) . 
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Numerous attempts have been made to formulate both the mass 
scattering and the mass absorption coefficients in terms of the wave 
length of X-rays and the atomic weight or the atomic number of the 
absorbing element. It has been shown ^ that if the atomic dimensions 
were negligible the mass scattering coefficient, a/p, would be constant for 
all atoms and equal to about 0.20. The observed scattering, however, is 
variable, being greater for heavy than for light atoms and becoming very 
small for X-rays of extremely short wave lengths. For practical calcula- 
tions of the absorbing power of materials the scattering is relatively so 
slight that it may be neglected for all but the lightest of elements. 

Studies of the absorption of X-rays of different wave lengths by a 
single substance have given rise to the expression^ 


^ = KX» + 

P P 


K is a constant for the absorbing material in a region between two absorp" 
tion limits; but its value is radically different on opposite sides of one of 
these limits. This constant apparently can be related to the atomic 
number of the absorbing atoms in the following manner. The term /z'/p 
of the equation 

I = = Ioe“(MVp+<r/p)px^ .... (6a) 


is a coefficient of px" which is itself a measure, of the number of grams per 
square centimeter of the absorber. If this p'/p is multiplied and divided 
through by the number of atoms in a gram, N'/M', where N' is the number 
of atoms in the gram atom (6.06 X lO^^) and M' is the molecular weight 
of the absorber, there will result: 



X 


w 

M' 


= JLta 


N 

M- 


7 and lo = loC 


(NVMO pxf'-i<r/p)pxf' 


( 8 ) 


The term (NVM')px" measures the number of atoms per square centi- 
meter of the absorber and its coefficient, Pa, is called the atomic absorp- 
tion coefficient.^ For absorptions that are calculated in terms of atomic 
absorption coefficients, the data suggest that ^ 

fxa = (9) 


In this expression N is the atomic number and k is a universal constant 
which has the value 2.29 X lO”^® on the short wave length side of the' 


^ J. J. Thomson, Conduction of Electricity Through Gases, 2d Edition. 

2 For instance, see W. Duane and F. S. Hunt, Phys. Hev. 6, 166 (1915). 

* It is frequently the custom to include the scattering coefficient within the atomic 
absorption coefficient. For the present purposes, at least, that procedure is not of 
advantage. 

^ F. K. Richtmyer, op. cit. 
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K-absorption limit and (less acctirately) 0.33 X 10”^® on the other. The 
relatively few substances for which this expression has been tested fit 
with a considerable degree of accuracy except on the short wave length 



Fia, 62. — ^The absorption lines of this figure have been calculated through the use of 

expressions (7) and (8). 

edge of a critical absorption limit. The calculated absorption coefficient 
is then uniformly too great. Bearing their limitations in mind, expres- 
sions (8) and (9) can nevertheless be used to calculate the approximate 
amount of absorption to be anticipated from a given thickness of any 
element. A general idea of their correctness may be obtained ^ from 
Figure 62. 

^ The experimental data for this figure are taken from F. K. Richtmyer, op. cit. 
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If the absorbing substance is a chemical compound instead of a single 
element its mass absorption coefficient can be calculated from the coeffi- 
cients of its constituent atoms by compounding them with due respect 
to the relative amounts by weight of different elements that are present. 
Thus, if C)a/p)c and (m/p)d are the mass absorption coefficients of two 
elements with the atomic weights c and d respectively, the mass absorp- 
tion coefficient of the compound CD will be ‘ 

©CO-['e)c+‘>©o]/t' + ^^ 

In view of the approximate character of the results of the absorption 
calculations now possible, it is fortunate for crystal structure work that in 
its present stage of development more accurate information is not required. 
For many purposes, such as the determination of the proper thicknesses' 
of absorbing screens for waves of a particular length or the calculation of 
the relative effects of rays of different wave lengths upon the photographic 
plate, some idea of the amount of absorption taking place is essential. 
When the physical knowledge upon which determinations of crystal 
structure are made becomes more exact and quantitative measurements 
of the amount of X-rays scattered in different directions become possible, 
it will be necessary to know, for instance, (1) the amount of X-rays ab- 
sorbed in passing ill a particular direction through a section of crystal of 
known thickness, or (2) the amount of X-rays of a particular wave length 
that are absorbed by a known thickness of the sensitive silver bromide 
emulsion of a photographic plate. 

The phenomena of selective absorption give to all photographs of X-ray 
spectra a distinctive appearance. The photographic effect of X-rays is 
apparently proportional to their absorption in the sensitive emulsions of 
the plate.2 Rays that are most strongly absorbed by either bromine or 
silver hence will produce the greatest blackening. The regions of the K- 
selective absorption for both silver and bromine occur in the range of the 
strong continuous radiation in the spectrum of Figure 54 and give it a 
banded appearance which does not at all correspond to the actual energy 
distribution (see Figure 58). This fact greatly increases the dfficulties 
of attempting to measure X-ray intensities by a photographic method. 
The same sort of undue stressing of some wave lengths at the expense of 
others will also be found in working with an ionization chamber which 
does not absorb all of the X-rays incident upon it especially when in the 
neighborhood of the characteristic regions of the absorbing gas. On the 
other hand it obviously is of great advantage to use X-rays that will be 

1 E. Gloeker, Physikal. Z. 19 j 66 (1918). 

C. G. BarMa and G. H. Martyn, Phil. Mag. ^5, 296 (1913). 
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selectively absorbed by the sensitive materials of tbe indicating device 
whenever faint effects are to be sought. 


The Scattering Power of Atoms for X-rays 

The diffraction effects which have furnished an indication of the 
manner of arrangement of atoms in various forms of matter and which 
will be discussed in the remainder of this book are produced by scattered 
X-rays. Knowledge of the laws governing this scattering thus is of 
vital concern to the subject of crystal analysis. It is unfortunately true 
that little exact knowledge of their nature is yet available. This is due 
not only to the complexity of the phenomena producing scattering but 
to the experimental difficulties of its accurate measurement. If it is 
assumed that (1) classical dynamics may be applied, (2) the constraining 
forces acting upon an electron need not be considered, (3) interelectronic 
distances in the atom are so small that each electron scatters independently 
of the others, and (4) the electrons may be considered as point charges, 
then the intensity of scattering (K) per unit volume has been calculated 


to be 


NN'e'(l-f cos^ 20) 
2m'2 L^c'^ 


. ( 10 ) 


In this equation ^ N is the number of electrons in the atom (the atomic 
number) ; N' is the number of atoms in the unit volume; lo is the intensity 



Fig. 63 . — The heavy curve shows the variation of scattering with angle which is to be 
expected from expression (10) . The black circles record experimental data upon soft 
X-rays, the open circles upon moderately hard radiation. (After A. H. Compton, 
op. eit.). 


of the original beam; e, m' and c' have their customary significance of 
the charge and mass of the electron and the velocity of light respectively; 
L is the distance between the measuring device and the scattering material; 
and 2 0 is the angle which the scattered beam makes with the primary 
X-rays. 

This equation is in only very approximate agreement with experiment. 
A comparison of its requirements with the observed scattering of both 


^ J. J. Thomson, op. cit., p. 321. 
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soft X-rays and rays of moderate hardness by filter paper is given in 
Figure 63.^ At right angles to the direction of propagation of the incident 
X-rays the agreement is excellent but for small angles the observed scatter- 
ing is too great.2 This excess of scattering over that required by (10) is 



Fig. 64. — In tMs figure the ratios of tlie mass scattering coefficients of several elemei^s 
and of aluminum (aU measured at right angles to the direction of propagation of the 
X-rays) are plotted for various wave len^hs. If equation (10) were accurate all 
of the points of these curves would lie on the axis of abscissas. Crosses represent 
observations upon tin and open circles measurements upon silver. 


^ This figure is taken from A. H. Compton, Bull. Nat. Research Council 20 

(1922) . The data are from E. A. Owen, Proc. Cambr. Phil. Soc. 16 , 161 (1911) . These 
soft X-rays probably corresponded to a beam in which most of the radiation lay between 
0.50A° and 1A°; the corresponding limits for the medium rays probably were 0.25A 

and0.50A°. (A. H. Compton, op. cit.) , ^rr -nv -d an qr 

® Experiments upon aluminum [A. R. Duane and W, Duane, Phys. Rev. zO, oo 
(1922)] and various liquids [C. W. Hewlett, Phys. Rev. ^0, 688 (1922)] indicate that 
for very small angles the scattering becomes vanishingly small. 
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greater for longer wave lengths and heavier elements. The data of Figure 
64, wherein the ratio of the scattering of equal masses of various metals 
and of aluminum (as a standard) are plotted agamst wave length, show 
this elearly.i 

The fact that equation (10) gives an agreement with experiment under 
any circumstances has been taken as evidence for its fundamental cor- 
rectness. Of the various assumptions used in its deduction the third,^ 
that inter-electronic distances in atoms are so small that each electron 
scatters independently of the others, is the most vulnerable one. By 
making the necessary assumptions concerning electronic distances in the 
atoms and their interaction during scattering, the experimental data of 
Figures 63 and 64 have been calculated from an appropriate modification 
of (10)2; it is not now evident what significance attaches to such agreement.^ 
It is certain, however, that much more work, both experimental and theo- 
retical, is necessary before the laws of scattering can be considered as 
even approximately known. 

1 This figure is drawn from the data of C. G. Barkla and J. G. Dunlop, Phil. Mag. 
Slj 222 (1916). They have also shown that over the region of wave lengths employed 
the mass scattering coefficient of aluminum remains substantially constant. 

^A. H, Compton, op. cit. 

2 Very recently an hypothesis of scattering, based upon quantum principles, has been 
proposed [A. H. Compton, Phys. Rev. 483 (1923)]: 



Chapter III. The Interaction of X-rays and Crystals 


Introduction 

Since crystals are composed of regularly distributed atoms wbicli can 
act as scattering centers, diffraction effects may be expected from their 
interaction with X-rays having wave lengths comparable with the inter- 
atomic distances. The nature of these effects depends upon the kinds 
and positions of the atoms in a crystal; consequently the theory which 
describes them in terms of atomic positions forms the basis of studies of 
crystal structure using X-rays,^ 

A complete theory would develop in detail expressions to describe the 
diffraction patterns resulting from any conceivable arrangement of atoms. 
The solution of the problem in this general form, unfortunately, is ac- 
companied by analytical complexities which add little to an understand- 
ing of the requisite physical assumptions. For this reason it seems advis- 
able to outline an approximate treatment of only the mathematically 
simplest case of cubic crystals. The modifications in the expressions thus 
obtained when they are applied to other than cubic crystals will, however, 
be stated. 

' Diffraction effects are characterized by both position and intensity. 
It will be shown that the first of these can be completely and exactly pre- 
dicted but at the present time even relative intensities can only be ap- 
proximately foretold. 

The Positions of X-ray Diffraction Effects from Crystals 

' The 2 points of the row Ai, A2, As, ... Ag of Figure 65 are separated 
by the constant interval A1A2 = A2A3 = e. It will be assumed that these 
points can act as diffracting centers for a parallel beam of rays CiDi, . . . 

direct mathematical treatment of the positions and intensities of X-ray dif- 
raction effects in terms of the positions of diffracting atomic centers has been given 
)y M. Laue, notably in Jahrb. Radioakt. u. Elektronik 11 y 308 (1914) ; and in Encycklop* 
ler Math. Wiss. Bd. V., Art. 24, Wellenoptik. Other methods of calculation which 
isually follow the reflection analogy but differ somewhat from the procedure to be 
lescribed in this chapter in the form and derivation of their expressions have been 
imployed from time to time. Notable among these is the procedure (based in part upon 
geometrical concepts stated by S. Kreutz, Krystallstruktur, Leipzig, 1915) which is 
outlined by P. Niggh, Geometrische Krystallographie des Discontinuums, Leipzig, 
L919. 

* The treatment at this point is closely similar in form to that used by A. Sommier-^ 
eld, Atombau u. SpektraUmien, Chapter III, Sec. 1 (Braunschweig, 1922) . 

89 
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The difference in path, and consequently the retardation of the ray CiCz, 
diffracted by compared with the ray D1D2 is e (5 - 5 o), where the 
direction cosine of the incident beam (with respect to the row Ai . . . A3) 
is do = cos Z A1A2D1 = A^2/e and that of the diffracted ray is 5 = cos Z 
C A1A2 = AiEi/e. If this path difference is equal to their wave length, 
or some integral multiple thereof, reinforcement will take place between 
the two rays; otherwise with an extended row of diffracting centers there 
wiU always be destructive interference, between neighboring points if 



the waves are exactly out of phase, or between more distant atoms for 
some other phase difference. If X is the wave length of the diffracted waves 
and ho' is some integer, then constructive interference will be observed 
when 

e (5 — So) == ho'X . ( 11 ) 

This is essentially the state of affairs that holds for a simple line grating. 

In a crystal that is diffracting X-rays the atoms, as diffracting centers, 
are arranged regularly in three dimensions. If these atoms lie at the 
comers of unit cells of a cubic crystal — that is, at the points of a simple 
cubic lattice — the conditions for reinforcement of the diffracted rays 
wiU be similar to those for a single row of points. If in this simple case 
(Figure 66) ^o, eo and f o am the direction cosines of the incident ray and 
dj € and f are the corresponding ones for the diffracted beam, all measured 
with relation to right angled cartesian coordinates, the conditions for 
constmctive interference of the rays MpNp are determined by the three 
equations 

' ao(^ — ^o) ~ ho'X 
ao(€ — €0) ~ ho'X 
ao(f — fo) == lo'^^ 

where ko' and lo', like ho', are integers. 


( 12 ) 
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Transposing: 

(5 — (5o) = ho^^/aoj (e — cq) = W^/ao^ (f fo) ~ lo^^/ao. 

Squaring these and adding together 

52 ~ 2 ddo + do^ + — 2e€o + co^ + f ^ — 2ffo + f 0^ = (ho'^ + ko'^ + 


1^1 




Fia.66.^ — The diffraction relations of the rays MpNp for a simple cubic arrangement of 
diffracting centers. The cube OABGDEFG is the unit. 


But since the sum of the squares of the direction cosines of a line is equal 
to unity, 

2 — 2 (55o + €€o + ffo) — ^ 

ao 

The angle of deviation 2 d, that is, the angle between the incident and the 
diffracted ray (Figure 67), is given by the usual relation 

cos 26 = 55o + €60 + ffo 
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SO that 


or 


2 - 2 cos 20 = ^ (ho'' + + lo'^) = 4 sin’* 9 

ao^ 


X = 


2ao 

Vho'" + ko'^ + l7^ 


sin 6, 



If ho' = nho, ko' = nko and lo' = nic where n is the highest common 
divisor of ho^ ko' and lo', then 


nX = 


2ao 

V'h?Tk7+T? 


sin 9. 


(13a) 


If the analogous expression is deduced for groupings of unit cells which 
possess other than cubic symmetry, they are found to have a corresponding 
form; 


nX = 


2ao 

Vl^ho, ko, lo; abc; a^y) 


sin 9 


. . (13b) 


where F(ho, ko, h; abc; a^y) is a quantity involving second degree terms 
in ho, ko and lo and the crystallographic constants — the axial ratio and 
axial angles. 

A possible geometrical interpretation of this equation, particularly 
of the terms involving the integers ho, ko and lo is suggested by the follow- 
ing considerations. As an ideal case are to be imagined two, or more, 
infinitely thm sheets of plane transparent material parallel to one another 
and separated by a distance d (Figure 68) J If a beam of light AO strikes 
the sheets at the angle 9, some will be reflected along the hne OB. Of 
the remainder, some will be reflected along O’B’, the rest being' transmitted 
at O', and this process repeated for other sheets which may, be present. 
The difference in path between the ray AOB and the ray AO'B' is 


^ Though this experimental arrangement can scarcely be realized with ordinary 
light a similar phenomenon is exhibited in the color effects of thin films. In this case 
the interference takes place between beams reflected, not from different films, but 
from opposite faces of a single film. 
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00^ - OC = 


d 

sin d 


d cos 20 
sin 6 


— - (1 — cos 26) = 2d sin 6, 
sm 6 ^ ^ 


When this path difference equals half of one wave length, or some odd 
integral multiple thereof, the two beams AOB and AO^Bi will be exactly 



Fig. 68. — The phase relationships of reflections from a pile of infinitely thin reflecting 

plates. 

out of phase and capable of destructive interference. When, on the other 
hand, 2d sin 6 is some number of whole wave lengths, then the two beams 
will reinforce each other. Between these two extremes there will be a 
partial interference of the rays. Thus the light reflected from the two 
sheets of material will range in intensity continuously between zero and 
a maximum. If the number of sheets is increased, the interference would 



always remain constructive for the maxima and completely destructive 
for the minimal positions of half wave length differences in phase, but for 
the intermediate region the destructive interference will become more 
and more complete the greater the number of the sheets until eventually 
the reflection pattern will consist merely of a succession of bright beams 
separated by regions of total darkness. That this will be true may be 
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seen from a consideration of the intensity of reflection in the simple case 
shown in Figure 69. It is assumed in this figure that the path difference 
of the rays reflected by the first two sheets is a quarter of a wave length. 
With only two sheets in the pile the reflected beam would have a medium 
intensity resulting from the compounding of the two rays one fourth a 
wave apart. If a third reflecting plate is added, its reflected ray AO"B" 
will be exactly opposite in phase to AOB and the resulting reflection will 
be diminished through a destruction of an amount of AOB equivalent to 
the amplitude of AO'^B"; it will be still further lessened by the addition 
of a fourth sheet which will reflect AO^^^B^'^^ exactly out of phase with 
AO'B'. By the same procedure it is clear that as more plates are added the 
destructive interference will become increasingly effective and thus the 
intensity of reflection will approach closer and closer to zero. With 
enough plates in the pile, the same destructive interference obviously 
would take place with any fractional path difference between AOB and 
AO'B'. Consequently the intensity maxima from such a large pile of 
plates have positions defined by the expression 

nX = 2d sin ^ (13c) 

where n is an integer. This expression has the same form as the equation 
(13a) which gives the positions of intensity maxima for X-rays diffracted 
by a simple cubic distribution of diffracting points. Since an infinite 
number of parallel planes can be passed through the points of such a 
grouping, this similarity suggests that it might prove convenient to con- 
sider the diffraction of such a regular arrangement of points as geometrically 
equivalent to reflection in a series of equidistant parallel planes. 

The question of whether a plane of diffracting points would send back 
a beam of X-rays incident upon it which would obey the law of ordinary 
reflection is readily answered in the aflflrmative. In Figure 70 if AiC is 
the wave front of a beam incident upon a row of points A], A 2 , A 3 . . . Ap 
capable of acting as diffracting centers, the usual Huygens construction 
immediately shows that a reflected ray wiU have the wave front AgD so 
situated that the angle ^1 is equal to the angle 62 . 

If the analogy ^ between the reflecting sheets and the diffraction of 
X-ra ys by spacially distri buted points is to be pressed, the quantity 
ao/ VF(ho, ko, lo, abc; apy) of (13b) must be interpreted in terms of the 
distance between reflecting planes of points. In a regular latticework of 
points such as that formed by the corners of an extended repetition of 
the unit cells of a space grouping (Figure 47 for example) it is always 
possible to pass a series of planes which will be parallel to one another 

i The explanation of X-ray diffraction effects in terms of reflections from atomic 
>Ianes was given by W. L. Bragg, Proc. Camb. Phil. Soc. 17, 43 (1913). 
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and contain all of the points of the lattice. The planes of such a series 
will be separated by a constant interval and, having integral indices, will 
be parallel to some possible face of an analogous crystal. 



Tig. 70. — Huygens construction to show that a wave front AiC will be '^reflected'' as 
DAs by the regularly spaced diffracting points Ai-Ap. 


The distance between two neighboring planes of such a series fFigure 
71) can be calculated as follows.^ According to equation (1) of Chapter I 



Fig. 71. — ^The succession of (111) planes in a simple cubic arrangement of points. The 
cube OABCDEFG is the unit* 

^ A deduction of interplanar distance resembling the one used here was made several 
years ago (but never published) by J. H, Ellis. In a slightly different form its results 
are given by A. W. Hull, Phys. Rev. 10 , 661 (1917). 
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the equation for a plane having the indices (hkl) referred to cubic axes is 
hx' + ky' + Iz' — D = 0. 

The distance of this plane from the origin is 

D 

Vh2 + k2 +¥ 

Since a parallel plane passing through the lattice point P(xi', ji, Zi) has 
the equation 

hx' + ky' + Iz' -- (hxi' + kyi' + IziO = 0, 

the distance of this second plane from the first will be the difference of 
their distances from the origin, or 

hxi' + ky/ + Izi' — D 

VW+W+l^ 

Similarly the distance of the parallel plane through P (X 2 ', ya^ from the 
original plane is 

hx2^ ky2' “P lz2^ D 

Vh" + k2 + P 

and their distance apart is 

h(xi' - X 2 ') + k(yi' - y 20 + l(z/ - z/) 

VW+W+1^ a; 


From the nature of the cubic lattice x' = pao, y' = qao, z' = rao so that • 
(14a) becomes 


[h(pi - P 2 ) + k(qi - q 2 ) + l(ri -- r 2 )]ao 
Vh^ + k^ + P 


. . . . (14b) 


where both h, k and 1 and p, q and r are integers. Thus the coefficient 
of ao in the numerator will always be a whole number and the minimal 
separation between like planes having the indices (hkl) and containing 
points of the lattice will be given by (14b) when this coefficient assumes 
its lowest possible value. It can be shown that if h, k and 1 are any three 
integers it is always possible to pick three other integers e, f and g so that 


he + kf + Ig = 1. 

Since in an indefinitely extended lattice p, q and r may have any integral 
values desired, it follows that for a grouping of points at the corners of 
unit cubes 


^ ^ 

Vh? + k2 + P 


(16a) 
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where is the smallest distance between like planes with the indices 
(hkl). 

From this identity in form between the expressions (a) for the diffrac- 
tion of X-rays by regularly arranged diffracting centers in space and (b) for 
the reflection by uniformly spaced planes of diffracting centers, the funda- 
mental likeness of these two geometrical ways of viewing X-ray diffraction 
phenomena is established. The outstanding value of the reflection point 
of view probably lies in its ability to attach a readily pictured and usable 
significance to the phase numbers ho, ko and lo of expressions ( 13 ). This 
usefulness is particularly great in the treatment of diffraction effects 
from definitely oriented crystals since it employs the same terms (the 
indices) required to describe the crystal setting. In view of the wide- 
spread application which has accompanied the development of this reflec- 
tion idea, the fact that it is essentially an artifice must be clearly under- 
stood. As a geometrical analogy it may correctly be used, but as long as 
X-rays are treated as wave motions their diffraction effects must be 
imagined as actually arising from the mutual interference of rays diffracted 
by spacially distributed scattering centers. As a consequence any discus- 
sion which aims to reproduce (as nearly as possible) the physical mechan- 
ism of X-ray diffraction cannot proceed from this reflection standpoint. 

The diffraction numbers ho, ko and lo and the indices of sets of reflect- 
ing planes (hkl) are the same for extended groupings composed of an 
association of the xmit cells of each of the other systems of symmetry. 
This correspondence can be shown by a procedure similar to the foregoing 
one. It is thus permissible to write 


n\ = 2di^i sin dn 


vTXhHTabcToi^ 


sin 0 x 1 , (16) 


as the expression governing the possible positions of effects from assem- 
blages of diffracting centers arranged at the corners of unit cells having 
crystallographic symmetry. 

It has now been shown that for groupings built up from unit cubes 
expressions (15) and (16) have the form 


ao 


“ Vh? + + 1 " 

2ao 


nX 


Vh^ 4- k* + P 


sin dn 


(15a) 

(16a) 


j? or those composed of unit cells of each of the other systems of sym- 
metry,! equations (15) and (16) will take the following forms; 


! These equations (15) in a slightly different form are given byA.W. Hull, Phys. 
Rev. 10 , 661 (1917). 
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For th.e tetragonal unit cell: a;b;c — lJl‘c and a ^ — -y — 90 

SbQ 


and 


““ Vh.^ + + (1/c)' 

■ “Sao 


.... (15b) 


nX = 


= sin • • • ■ ( 16 b) 


+ k* + (1/ c)^ 

For the orthorhombic unit: a : b : c = a : b : 1 and^a = /3 
T - 90°, 


Co 


a hTrl 


and 


n\ = 


V(h/a)^+ (k/b)2 + F 

2co 


sin 0r, 


.... (15c) 


. . (16c) 


V(h/a)2 + (k/b)2 + F 

For the hexagonal unit: a : b : c = 1 : 1 : c and a = d = 90 , 

7 = 120°, 

(15d) 


ao 


and 


V4/3('h2 + hk + k') + Cl/c)“ 
2ao 


djil — 

and 
nX = 


nX = — ° ' sin 6a • (lOd) 

V4/3(h2 + hk + k^) + (l7^ 

For the rhombohedral unit: a:b:c = l:l:landa = ^ = 7?^ 90°, 
ao Vl + 2 cos’ « — 3 cos^ a 


V(h2 + k^ + P) sin^ a + 2(hk + hi + kl) (cos^ a - cos a) 
2ao Vl + 2 cos^ a — 3 cos^ a 


(15e) 


V(h^ + k^ + F) sin=' a + 2(hk + hi + kl) (cos=* a - cos a) 


sin 
(16e) 

For the monoclinio unit: . a:b:c = a:b:l and a — = 90°, 

7 90°, 

. . . (15f) 


dhii — 


and 


V 


(h/a)> + (k/b)* - ^ cos 7 


sin* 7 


+ F 


nX = 


2co 


V 


o'hv 

(h/a)*^ (k/b)*-^cos7 


■ sin 6a 


(16f) 


sin* 7 


+ F 


1 This form of the axial ratio arises from the fact that in crystallographic descrip- 
tion the Y(6) rather than the Z(c) axis is usually taken as the principal axis. This apphea 
also to the description of monoclinic crystals (see page 65). 
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For the triclinic unit : a:b:c = a:l:c and a ^ ^ j 90°, 


( 16 g) 


duki — 


and 
nX = 


V 



h/a cos 7 cos /3 


1 h/a cos jS 


1 cos 7 h/a 

jh/a 

/ 

k 1 cos q: 

+ k 

cos 7 k cos a 

+ l/c 

cos 7 1 k 

1/c cos a 1 


cos iS 1/c 1 


cos p cos a 1/c 


1 

jcos 7’ 1 cos aj 

|cos )3 coj) a 1 


2bo 




I h/a cos 7 cos /3 


1 h/a cos /3 


1 COS 7 h/a 

/ h/a k 1 cos a 

+ k 

cos 7 k cos a 

+ji/c 

cos 7 1 k 

I 1/ c cos a 1 


COP /3 1/c 1 

! 

cos cos a 1/c 


( 16 g) 
sin dn 


1 cos T cos i6 
cos y 1 cos a 
cos 0 cos a 1 


Since one of the seven types of unit cells is fundamental to every 
possible crystal, equation (15) gives the separation between geometrically 
like planes within any crystal. A knowledge of these expressions (15) 
and (16) solves completely the problem of the positions of diffraction 
effects from any space assemblage of diffracting points which possesses 
crystallographic symmetry. With their aid the angle through which 
X-ra3rs incident from any direction upon a crystal will be bent can be 
predicted as long as the atoms (or other diffracting centers) can be con- 
sidered to be regularly arranged in space in conformity with the crystalline 
symmetry. It perhaps should be emphasized, as these equations indicate, 
that the positions of X-ray diffractions are in no way dependent upon 
the particular manner of distribution of the atoms within a crystal but 
only upon the crystallographic characteristics (the axial angles and axial 
ratio) and the absolute dimensions of the unit cell. In other words all 
cubic crystals which have unit cells of the same size, no matter what 
their chemical compositions and atomic (or electronic) distributions may 
be, will give diffraction effects in identically the same positions. The 
would be true of course of two crystals of any other symmetry 
which had unit cells of equal size and shape. 

% 

The Intensity of X-ray Diffraction Effects from Crystals 

Problems of atomic arrangement in crystals consequently must con- 
cern themselves rather with the other characteristic of diffraction effects — 
their intensities. From the standpoint of these problems it is unfortunate 
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that such intensity relations, either absolute or relative, cannot now be 
evaluated with even an approach to the completeness which marks the 
ability to predict diffraction positions. They can be expressed more 
simply and conveniently, and at least in the present stage of our knowledge 
as accurately, by following the reflection analogy. 

The diBBculties of the problem are both experimental and theoretical. 
Some of the complications ^ that are encountered when an attempt is 
made to obtain accurate intensity measurements will be mentioned when 
the various methods of observing diffraction effects are discussed in later 
chapters. Several efforts 2 have been made to obtain theoretically sound 
intensity expressions. They do not, however, give results in even ap- 
proximate accord with experiment unless terms are introduced which are 
dependent upon the electronic arrangement within atoms. At the present 
time too little is known of the structures of atoms to permit an evaluation 
of these terms. For this reason theoretically sound equations cannot now 
be used in the determination of the structures of crystals. 

It is therefore necessary to fall back for the present upon the use of 
empirical factors. • These are two in number.^ One describes the depend- 
ence of intensity upon the character of the scattering atoms, the other 
expresses its variation with the angle of deviation. By making the assump- 
tion that the amplitude of X-rays scattered by heavy atoms in the pro- 
duction of regular diffraction effects is greater than that of lighter atoms 
by an amount which is probably roughly proportional to the atomic 
number, it is possible to deduce the structures of such simple crystals as 
the alkali halides. A further study of the intensity of reflection from 
planes in these crystals shows in a general way how the intensity of reflec- 
tion varies with the angle of deviation and also the extent to which a pro- 
portionality between amplitude and atomic number is fulfilled.-^ From 
the fact that the intensity of reflection is related to the internal structure 
of the scattering atoms it is scarcely to be anticipated that quantitatively 
applicable laws can be found. Nevertheless the following working rules 
are approximately fulfilled for moderate angles of reflection and, if their 
limitations are held clearly in mind, they may safely be employed in 
the determination of crystal structure. It is essential, however, that 
their very qualitative character be emphasi25ed because in the past a 
literal acceptance has been a most ^fruitful source of error. 

The assumption that scattering power follows approximately the atomic 

^ See especially W. L. Bragg, R. W. James and C. H. Bosanquet, PM. Mae:. 

309 (1921); 4^, 1 (1921). ' ^ ^ * 

® C. G. Danvin, PML Mag. 27, 315, 675 (1914). A. H. Compton, Phys. Rev. 9, 
29 (1917). A. H. Compton, Bull. Nat. Research Council 4 , No. 20, p. 12 (1922). See 
also M. Laue, op. cit. 

® W. L. Bragg, Proc. Roy. Soc. A. 89, 468 (1914), 

^ These factors were not originally deduced in this fashion. 
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number of the scattering atoms is in agreement both with earlier knowl- 
edge and with crystal structure data. Existing information suggests that 
the amount of X-rays of ordinary wave lengths scattered by an atom 
will depend upon both the number and the positions of the electrons sur- 
rounding its nucleus. Since the number of these electrons parallels the 
atomic numbers of the elements it is to be expected that the scattering 
power of an atom for such X-rays will be greater for heavy than for light 
atoms. The amount of radiation scattered by an atom will depend upon 
the interference which occurs between rays sent out by its electrons and 
this in turn will be a function of its electronic configuration. If the distance 
between these electrons were small compared with the wave length of 
the scattered X-rays, their intra-atomic interference would he negligible 
and there would be a linear proportionality between scattering power 
and atomic number. Some early measurements ^ have indicated a simple 
proportionality between atomic number and the amplitude of reflected 
X-rays: thus in calcium fluoride two fluoride ions (N = 10) are closely 
equivalent in reflecting power to one calcium ion (N = 18) ; or in potas- 
sium chloride no difference can be distinguished between the scatteriag of 
a potassium ion (N = 18) and a chloride ion (N = 18). But in the 
isomorphous sodium fluoride, though sodium ions and fluorine ions have 
the same number of electrons (N = 10) a difference can be detected in 
their scattering powers. Furthermore many crystal structure data show 
that the heavier elements scatter appreciably more, electron for electron, 
than do atoms of low atomic weight. As a consequence it is not legitimate 
in crystal analysis to make more than a qualitative application of this 
proportionality between amplitude and atomic number. Whenever 
feasible, it is best to limit intensity comparisons to planes composed of 
only one kind of atom. 

It has been seen that when they are located only at the comers of unit 
prisms, the atomic diffracting centers in a crystaUine stracture will lie 
in a series of equally spaced planes parallel to any possible crystal face 
(hkl). The intensity of X-ray reflection from (hM) in such a simple atomic 
grouping, and in more involved ones after they have been corrected for 
their more complicated structures, has been foimd to fall off rapidly with 
increase in the angle of reflection, or what amounts to the same thing, 
decrease in the spacing of like planes. It was early suggested ^ that 
measurements of intensity from single faces of crystals show that for this 
simple atomic array the intensities of reflection for the first, second, third, 
etc. orders stand in the ratio of 

100 : 20 : 7 : 3 : 1 : etc. 

1 W. L. Bragg, Proe. Roy. Soe. A. 89 ^ 468 (1914) . 

sjMd. 
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One of the known factors entering into this decrease in intensity with 
increase in the angle of reflection is the thermal agitation of the atoms 
about equilibrium positions.^ If this ratio, or normal decline, is cor- 
rected as well as possible for the temperature effect, and for the polariza- 
tion factor i(l 4- cos^ 2^) of expression (10) of Chapter II, the intensity 
of reflection appears to be roughly proportional to the square ^ of the 
spacing between like reflecting planes, that is, to (dhki/n) • The normal 
decline’^ itself is very approximately expressed by (d^ki/n)^*^®. 

An expression of the form is not to be expected from any 

known theoretical considerations. The crystal structure data now avail- 
able show acceptable agreement with it in the reflections from the simpler 
planes of many crystals. At the same time they seem to show a much 
greater decrease in intensity with increased angle of deviation for large 
angles; hence the correspondence is not good where planes with compli- 
cated indices are concerned. Numerous examples of this are apparent in 
the existing crystal structure data and it seems probable that this simple 
expression is the result of the more or less chance operation of several 
other factors. These data make it clear (see for example the case of calcite) 
that it is scarcely allowable to make intensity comparisons between com- 
plicated planes unless they have similar spacings or unless planes with 
sma ll spacings have greater intensities than those with larger spacings. 
Even in such instances there is no assurance that two complicated planes, 
corrected for structure and other extraneous effects, will give exactly the 
same intensities of reflections if their spacings are the same. In spite of 
these obvious insufficiencies of the ^‘normal decline,’’ so many intensity 
comparisons are possible if existing diffraction methods are used to their 
fuU possibihties that the structures of many crystals can be deduced with 
a great certainty of correctness. 

In the light of the preceding discussion it will be seen that the best 
possible calculated approach to the observed intensity of reflection from 
a plane (hkl) of a simple unit cell array of atoms is offered by writing 


loc 



1 + cos2 2 $ 




(17) 


where a is the scattering power of the atoms composing the equidistant 
sets of planes parallel to (hkl) and ^ is a term expressing the effects due 
to thermal agitation. 

In some powder photographs reflections have been obtained through 
angles for which 2d>Q0°, These large angle reflections seem to show 


ip. Debye, Arm. d. Physik 43 f 49 (1914); VerM. d. Deutsch. phys. Ges. tS, 678 
(1913). 

^ W. H. Bragg, Phil. Mag. ^7, 881 (1914). 
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(see page 300) that as 2d approaches 180"^ the intensity of the diffraction 
effects increases again with angle. To agree with this fact another expres- 
sion of the form 


1 + cos^ 26 ^2 _ 1 + cos^ 2B /^\ 2^2 
sin2 6 cos 6^ cos 6 \ n ) ^ 


(18) 


has been proposed,^ For reflection angles 9 greater than 45® this pro- 
portionality is undoubtedly better than the preceding one. This additional 

factor — ^ has been proposed on several occasions but at present (18) 
cos 9 

like all intensity expressions is empirical. Most of the best data for crystal 
structure investigations involve angles 26 less than a right angle and within 
this region expression (17) seems to be the better of the two forms. It 
consequently will be chiefly used in the subsequent calculations. 

Other terms, which cannot be exactly evaluated at present, will also 
enter into these proportionalities. Notable among them is the absorption. 
The influence of absorption during reflection probably depends upon 
the degree of perfection of the crystal;® furthermore when X-rays are 
passing through a crystal at an angle of reflection without being com- 
pletely absorbed, the energy which is reflected wiU cause the “apparent 
absorption coefflcient” under these conditions to be different from the 
one usually measured.'^ The best methods available for circumventing the 
influence of these additional factors will be mentioned when each of the 
modes of experimentation are described in subsequent chapters. 

In any other arrangement of atoms than the simple one that has been 
discussed one or more new sets of parallel planes, having the same relative 
spacings amongst themselves but lying somewhere between like planes 
of the original set, will be required to contain all of the atoms in a crystal. 
For example, in the simple cubic latticework of points geometrically like 
planes parallel to the (100) and (110) planes will have the relative spacings 
of b and c of Figure 72. In the very simple case of a cubic body-centered 
arrangement (Figure 73) it is evident that the additional points lying at 
the centers of the unit cubes will introduce a second set of atomic planes 
parallel to the (100) faces and midway between planes of the first ,set. 
No such new series appears parallel to (110) and the sequence of like planes 
in these two important directions becomes that of Figure 73, h and c. 

The intensity of reflection from such series of planes depends upon 
both the amplitude and the phase of the reflections from each of them. 


1 J. M. Bijvoet, Thesis, University of Amsterdam, p. 38 (1923). 
® For instance, J, M. Bijvoet, op. cit., p. 27. 

* C. G. Darwin, op. cit. 

* W. H. Bragg, op. cit. 
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This phase, or structure, factor will be of the general form: 

I oc [S<rF(^)]2 (19) 

where F(^) expresses the phase relations of the reflection from each of 
the s sets of reflecting planes; a, as before, is the scattering power of the 



a 

Fig. 72a. —The unit cell (OABCDEFG) of a simple cubic arrangement of points, 
d. — The succession of (100) planes m this grouping, 
c. — ^The succession of (110) planes in this grouping. 

atoms composing these planes; and ^ signifies that the effects from each 
set are to be summed. 

Again taking the case of a cubic crystal as illustrative, the form ^ of 
this phase factor for a reflection (hkl) from any arrangement of atoms can 
be obtained as follows. In so doing the equivalent of the assumption that 



a 

Fig. 73a. — The unit cell (OABCDEFG) of a body-centered cubic arrangement of points. 
5. — The succession of (100) planes in this grouping. 

0 . — ^The succession of (110) planes in this grouping. 

there is no phase lag during reflection will be made. The distribution of 
atomic planes parallel to (hkl) in any crystal can be represented as 
p, q, . . . s of Figure 74; the origin of coordinates lies in the plane Oi. The 
intensity of reflection from (hkl) is I, its amplitude R; the amplitude of 

^ This problem is essentially the old one of compounding wave motions having 
the same period but differing in amplitude and in phase. See for instance A. Schuster, 
The Theory of Optics, London, 1919, p. 8. 
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the reflection from the p planes is p, that from the q planes is q, that from 
the s planes is s. Then the resulting amplitude of reflection arises from 
the compounding of these p, q, , . s amplitudes, all of the same period 
(spacing) pip 2 , qiq^, . * . S 1 S 2 but differing in amphtude and in phase. 
The displacement Xp at any instant t due to the wave from the p planes 
is 

Xp = p cos co(t — %); 
that due to an s plane is 

X = s cos w(t — %), 

where pip 2 == qiqa = 2 t/w. Since all of these displacements are in a 



Fig. 74. — The sequence of planes (hkl) in some atomic arrangement. The plane Oi 
contains the origin. The spacings oio^ = 02O3 = pipa “ P2P3 = S1S2 « etc. 

straight line and each produces its own effect, they may be combined 
algebraically so that 

y (the total displacement) == Xp + Xq + . . • + 

= p cos co(t — '»?p) + q cos aj(t — ) 7 q) + • . . + s cos a>(t — %). 

= P cos wt + Q sin ojt 

where 

P = p cos «T 7 p + q cos wTjq + . . . s cos o)r]^ ^ 

Q = p sin wT/p + q sin wvq + . . . s sin coi/g J 
Writing P = R cos | and Q — R sin 

y == R(cos cot cos $ + sin cot sin 0 
= R cos (cot — J). 

From the form of this last equation it is clear that R is the amplitude of 
the wave compoimded of those reflected from the planes q, , . . s. 
But since P = R cos J and Q = R sin 

R2 = p2 q, Q2 cc I. 

In the expression (19a) co%, co^jq • . • orj^ measure the phase of the 
reflections from the planes p, q, . . . s. If the difference in phase between 
the reflections from the planes oi and pi is <^>p, between Oi and qi is ^q 
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and between Oi and Si is then substituting these measures 
phase of the various reflections in (19a) : 

P oc A = p cos + q cos + . . . s cos 4 

Q o: B = p sin + q sin + , . . s sin 

and I cc R2ccA2 f 

If atoms were located at the corners of unit cells they would together 
place one atom within the unit and would form one set (o) of equally 
spaced reflecting planes (hkl). In the most general case, consequently, 
there may be as many of these sets of atomic planes as there are atoms 

in the unit of structure. The value of ^3 for each of these possible sets 

in terms of the codrdinate positions of the atoms within the unit cube can 
be deduced as follows: 

The shortest distance between geometrically like planes (hkl) in a 
cubic crystal is 



dbu = = Oi 02 = pipa = . . . = SjSa (Figure 74) . (15a). 

Vm + k-* + r 

The equation of such an (hkl) plane which contains the origin of coordinates 
is 

hx' + ky' + W == (hx + ky + lz)ao = 0. 

A parallel plane (hkl) through some point XgygZg (as an atomic position 
within the unit cube) is similarly given by 



(hxa + kys + Iza) "I ^ 

v h* + k* + p J 


0. 


Its distance from the origin is 

(hxa + kys + 123)8-0 
V h^ + + P 


= OiSi (Figure 74). 


Appreciable reflection has been shown to tahe place only when the waves 
reflected from adjacent geometrically like planes reinforce one another 
Hence the difference in pha.se between the waves reflected by pi and bj 
P 2 , by p 2 and by ps, by qi and by qz, etc. will be 25rn, and 


(hxa + kja + Izsjao 

_ Or Si _ OiSi _ Vh^ -p k^ + P 

27rn ~ OiOj ~ S 1 S 2 ~ Oo 

Vh** + k* + P 


hxa + kys + Iz, 


or 


= 27rn (hxg + ky, + Izs). 
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Writing the scattering powers, 0 -^, of the various atoms in place of p,q, . . . s 
and introducing, the appropriate values of ^3 for atomic sets of planes cor- 
responding to every atom within the unit cube, (1,9b) becomes 

I oc R2 oc A* + B*, 

A = <ri cos 2irn (hxi -f- kyi -f- Izi) -f 0-2 cos 27rn (hx2 -f kyj -f- Izz) -f . . . 

+ o-a cos 27rn (hxg -}- kyg -f Izg), 

B = ffi sin 2Trn (hxi -f kyi Izi) + 0-2 sin 2x0 (hx2 -b ky2 4- IZ2) -b • . . 

4- o-g sin 2x0 (hxg 4- kyg 4- Izg) . . . (19c) 


Thus it has been shown that for cubic crystals '^aF{<f>s) of (19) can be 
represented by (19c). The same form of expression holds for crystals 
having other symmetry properties. 

Expression (19) may then be written (introducing n in place of o-) as : » 


I cc 


/dj^N 2,35 [I Ns 2xn (hxg 4- kyg -b Iz,)]* 4- 
\ n / [I' Nfl sin 2xn (hxg 4- kyg 4- Izs)] ® 


X(A2 + B2) .... (20), 


where the summation is to be taken over every diffracting center (atom) 
within the unit cell. 

Summary. — Two expressions have now been discussed. The first (16) 
permits the calculation of the positions of all possible diffraction effects 
from a crystal in terms of its symmetry characteristics, the spacing of 
like planes normal to some crystal face and the wave length of the X-rays. 
With the second (20) the relative intensities of reflection from any plane 
of any distribution of atoms in a crystalline arrangement can be estimated. 
It can thus be foretold for any specified atomic arrangement which of 
the reflections that are possible according to (16) will actually appear and 
to predict in a roughly qualitative manner their relative intensities. 

It is now possible to make a definite statement of the chief postulates 
which underlie the subsequent treatment of X-ray diffraction phenomeita 
for crystal structure determination. They are essentially as follows: 

(1) X-rays behave as if they are light waves of short wave l^gth 

which can be diffracted by the atoms (or more accurately their decjjor^) 
in crystals. The approximate length of these waves can be obtained by. 
application of quantum principles. ^ ^ 

(2) The two ‘‘laws^’ of scattering are approximately, but qnly apj^oxi- 
mately, fulfilled. The first of these states that scattering pow^ foficws 

1 The intensity proportionality in essentially this form, was used by Nishil^wa, 
Proc. Math. Phys. Soc. Tokyo 8 , 199 (1915). It was first stated by R. W:G. Wyokoff, 
Am. J. Sci. m, 317 (1920). 
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roughly the number of electrons in an atom; according to the second 
the intensity of diffraction falls off with increased angles of diffraction^ 
at least until 2B in the preceding equations reaches a right angle. As a 
working expression of these '^laws^' it is considered that the requirements 
of expreMon (17) must be qualitatively met; the lack of precise knowledge 
of scattering, however, makes it impossible to set definite limits to th^ir 
permissible variation. The element of personal judgment which must 
consequently be often introduced makes this postulate at present the most 
unsatisfactory of those which must be used. 

(3) The use of the theory of space groups in crystal analysis permits 
the search not only for a possible structure but for the only one possible 
in the light of the two preceding postulates concerning the properties of 
X-rays. To achieve such unique solutions through the application of 
space group theory it is assumed (1) that the atoms giving observable 
diffraction effects occupy equilibrium positions fixed by the symmetry 
of the crystal and (2) that the results of the theory of space groups define 
all of the equilibrium atomic positions possible for any crystal. 

The substance of these three postulates and their justification have 
been touched upon in the course of these first three chapters. By com- 
bining them with the content of these chapters and with the actual results 
of space group theory it is possible to develop systematic and more or less 
generally applicable methods of crystal structure investigation. Before 
proceeding to outline the character of these methods, however, the next 
three chapters will be devoted to a discussion of the different experimental 
procedures now available for observing X-ray diffractions. This also will 
include a consideration of the nature of the information which each of 
them can furnish. 



Chapter IV. The Production and Interpretation 
of Laue Photographs 


The Preparation of Laue Photographs 

Laue photographs of a substance which forms good crystals are easily 
made. A fine X-ray beam, defined by passage through pin-holes in two, 
or more, sheets of lead (S' and S" of Figure 75) will be diffracted by a 
thin section of crystal at C. The resulting slit images arranged in a more 



or less symmetrical fashion about the xmdeviated central image upon a 
photographic plate (D) constitute a Laue photograph. The symmetry 
of distribution of these spots is related to that of the crystal giving rise 
to them. This is clear, for instance, from the photographs of Figure 75; 
a four-fold pattern is obtained by passing the X-rays along four-fold axes 
of the cubic a mm onium chloride,^ and three-fold patterns resiilt when the 
X-rays travel parallel to the three-fold axes of quartz and of the cubic 
potash alum. 
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AffaratuB . — Convenient dimensions for Lane photographic apparatus 
can be stated by reference to^^Figure 75. The lead slits (S' and ’S") may 
be from eight to ten centimeters apart and i inch thick with pin-holes 
approximately 1.2 millimeters in diameter. The crystal section should 



Fig. 76. — Laue photographs taken with X-rays passing along 
a. The four-fold axis of a cubic crystal of ammonium chloride, 
ihe toee-fold axis of a cubic crystal of potash alum, 
c. pie th|:ee-fold axis of a hexagonal crystS. of quartz, 
a. A line normal to the cleavage face of orthorhombic barite. 

if possible have an area large enough to cover the bundle of X-rays pro- 
ceedi^ from the pin-holes. This, however, is not necessary: photographs 
suitable for crystal^ structure determinations have been prepared from 
crystals with a maximiun dimension less than one millimeter. The thick- 
ness of the crystal will be anywhere from about one tenth of a millimeter 
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to one millimeter. The specimen should be thinner the higher the density 
and consequently the greater the absorbing power of the crystal for X-rays. 
If both the diffracting and the absorbing powers were adequately known 
it would of course be possible to calculate an optimum thickness for any 
crystal. This cannot, however, be done at the present time. The slip 
of crystal may be either pasted directly over the last lead sKt or mounted 
upon some form of crystal holder. The first procedure is the simpler, the 
second has the advantage of allowing the crystal to be so mounted that 
both its orientation with respect to the X-ray beam and changes in this 
orientation for the preparation of additional photographs can be more 
precisely stated. CSince the spots characteristic of Laue photographs 
are produced by X-ray beams proceeding from the irradiated crystal, 
the size of the Laue pattern will be proportional to the distance from the 
crystal to the photographic plate. For cubic crystals and others having 
an axial ratio not too greatly different from unity, this distance may con- 
veniently be made equal to five centimeters. With other crystals a plate 
distance of four and occasionally of three centimeters will be found useful. 



Fig. 77. — Tracings of three Laue photographs of calcite prepared with the X-rays 
striking normal to a (100) face. In the first the crystal-to-plate distance is 3 cm.; 
in the other two it is 5 and 7 cm. respectively. No attempt is made to reproduce 
the rdative intensities of the diffraction spots. 

The effect of variations in this distance upon the size of the resulting Laue 
photographs is illustrated by Figure 77. 

A crude form of apparatus for the production of Laue photographs 
is shown in Figure 78. The body of this box is made of well-seasoned 
wood one inch thick, covered except in front with inch lead and 
prodded with a cover also sheathed in thin lead. The front of the box is 
faced with the first of the two inch lead sheets which constitute the 
slits. The thin lead covering for the box is intended to shut off scattered 
and extraneous radiation and may be omitted if other X-ray equipment 
or radioactive material is not at hand to cause interference. The photo- 
graphic plate used in tMs apparatus is 5 x 7 inches in size and should be 
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sealed in a black paper envelope during its exposure. In the instrument 
of Figure 78 the thin section of crystal is mounted upon a microscope 
cover glass with paraffin or balsam. The specimen holder is capable of 
motion in two directions at right angles to each other. The arnount of 
iliis motion can be roughly measured upon the graduated circles c and c . 


Fig. 78. — ^An early form of apparatus for the production of Laue photographs. 

ThiR eaxly form of apparatus has been described primarily to show that 
only simple equipment is needed to make good Laue photographs. . 

The X-rays which produce Laue spots lie in the region of white radia- 
tion (Chapter II). It will be shown later that the most useful Laue photo- 
graphs for the determination of the structures of crystals are prepared 
with a maximum tube potential of 50 to 60 kilovolts. Of the commercially 
available X-ray tubes one with a tungsten target is most satisfactory 
because it gives the greatest amount of continuous radiation. At this 
voltage an exposure of 15 miUiampere-hours is usually sufficient to produce 
good Laue photographs. The length of exposure depends somewhat upon 
the thickness and size of the crystal specimen and largely upon its absorb- 
ing power. Laue photographs which exhibit a very large number of 
spots can be produced by operating the tube at a voltage higher than 
60 kilovolts not only because the efficiency of production of white X-rays 
increases with impressed voltage but also because many more atomic 
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planes are in a position to reflect the shorter X-rays thus produced. Such 
high voltage Lane photographs can frequently be obtained with profit 
where only symmetry information is desired. 

The grave injuries ^ to the health of the experimenter which result 
from exposure to X-rays require that care be taken in the shielding of 
X-ray tubes during the preparation of diffraction photographs. This 
protection must be more effective than that employed in the ordinary 
medical use of X-rays. Because of the long exposures required in obtain- 
ing crystalline diffraction; minute leaks which would be negligible over a 
period of some seconds may become of considerable importance after 
several hours. For these reasons all X-ray tubes used in crystal analysis 
should be enclosed in boxes covered with a thickness of lead sufficient to 
prevent the deterioration after several months of photographic plates 
placed outside the boxes. 

There are several directions in which the Laue photographic ap- 
paratus of Figure 78 could profitably be improved. In the first place a 
more rigid construction would eliminate warping and a loss in alignment 
of the sht system over a period of time. This is accomplished by building 
the instrument entirely of metal using an appropriate casting as a base. 
For some purposes it would also be of advantage to have a more exact 
determination of the distance from the crystal to the photographic plate. 
An accuracy sufficient for ordinary purposes is directly attainable by 
meeting this requirement of greater rigidity. If it should be desired, stiU 
greater precision could probably be achieved by using the device of two 
photographic plates placed one behind the other at a carefuUy determined 
distance apart.^ The method of finding the distance from crystal to plate 
by this procedure will be clear from Figure 79. The distances from the 
undeviated slit images 0 and O' to corresponding points in the two photo- 
graphs are OA and O' A'. From a measurement of these distances and an 
accurate knowledge of 00' (the distance between the sensitive emulsions 
of the two photographic plates), CO (or CO') can be obtained through 
the two similar triangles AOC and A'O'C: 


CO 

OA 


CO' CO'-- CO OO' 00' _ 

O'A' O'A' - OA OA' - OA OA' - OA 


^ The physiological action of X-rays seems to be of at least two sorts. Exposure 
to a large quantity of X-rays will result in the well-known ‘Turn,” an inflamed condition 
of the skin which frequently develops into open sores, is extremely^ difficult to heal 
and is said sometimes to break out subsequently as a cancerous condition. Ueasonable 
care will now prevent such “burns.” ^Results seem to show, also, that a dosage of 
X-rays much less than that required to produce “burns” will, if frequently repeated, 
give rise to an anemia which in some instances has proved fatal. ^ Little is now known 
of the minimal quantity of X-rays that is needed eventually to bring about this anemic 
condition. 

2 G. Wulff, Zeitsch. f. Kiyst. 34 , 59 (1915). 
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This method might prove especially desirable in working with thick 
crystal specimens. 

A third refinement would provide the apparatus with an instrument 
for accurately orienting the crystal with respect to the incident X-rays. 
Such a gordometric attachment is not now required for most work because 



the exact orientation of the specimen can always be calculated from the 
Laue photograph itself if the approximate setting is known. It would, 
however, prove most useful in mounting small crystals for X-ray examina- 
tion and, in some form or other, probably will be required for aU observa- 
tions after an increase in physical knowledge makes intensity comparisons 
from different planes more valuable. It would then frequently be neces- 
sary to obtain a Laue photographic reflection from some predetermined 
plane in a particular wave length by carefuUy setting the crystal. 

When X-rays pass through the two'pin-hole slits S' and S" of Figure 78, 
some will strike the edges of the second slit S". The scattered radiation 
thus produced fogs somewhat the photographic plate. In making Laue 


S’ »• »' 

Fig. 80. 

photographs through sections of good crystals, the diffracted radiation is 
so intense that this blackening is negligible. It may, however, quite over- 
shadow the pattern from very small crystals. In this ease a slit system 
must be used in which secondary rays from the slits have been eliminated. 
Such a series of pin-holes is shown in Figure 80. The si?e of the third sh't^ 
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S'", which may if desired be made of some other metal than lead, 
is governed by the requirement that direct rays through S' and S" are 
not to be allowed to strike it at any point. The distance between S" and 
S'" must be great enough to shield the useful part of the plate. Better 
pin-holes can be made in gold than in lead. The greater density of the 
former also permits the use of a thinner slit, [if the^metal is available it 


Fig. 81. — An improved form of apparatus for the production of Laue photographs. 

is to be recommended that the parts of S' and S" through which the holes 
are drilled should be made of gold. 

Various forms of Laue photographic apparatus have been made which 
incorporate one or more of these desirable, but for many purposes not 
strictly requisite, improvements. One is shown in Figure 81. Its essen- 
tial parts are mounted upon a brass base. The crystal specimen held on 
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a microscope slide is mounted in a crystal holder (C) and centered with 
the aid of the removable template shown at G. Besides the motions 
(measured by Ci and C 2 ) at right angles to one another which are possessed 
by the holder previously described, the collar (H) supporting the crystal 
can be rotated. This last motion is of particular advantage with strongly 
absorbing crystals because a series of unsymmetrical Laue photographs 
in slightly different orientations can be prepared by thus turning the crystal 
without largely altering the absorption in different parts of the photo- 
graphs. The spectrographic apparatus to be described in the following 
chapter and shown in Figure 120 can equally well be used by substituting 
pin-holes for line slits and either mounting the crystal directly over the 
last of these slits or placing it in a goniometric crystal holder of the type 
just described. An instrument ^ has been built directly upon a Czapski 
two-circle goniometer; ^ another form^ has been used to outline a pos- 
sible procedure for determining symmetry properties of a crystal solely by 
the use of Laue photographs. An arrangement ^ whereby the position of 
the photographic plate rather than the diffracting crystal can be varied 
with respect to the incident X-ray beam has also been described. 

The Preparation of Laue Photographs at other than Room Temperatures . — 
The study of Laue photographs both at elevated and at low temperatures 
will be of great value in following, for instance, the atomic rearrange- 
ments that are involved in many inversions. Very few results of X-ray 
diffraction measurements under such conditions have yet been made. Of 
these the only Laue photographs, besides some observations upon rolled 
metals, 5 are of sodium chloride at a temperature near 320^^0 and of boracite 
at 300°G, the temperature at which this mineral becomes isotropic. The 
furnaces used for these two latter measurements, both of which were 
carried out in the early days of X-ray diffraction investigations, have been 
described.® ^ 

The Interpretation of Laue Photographs 

It has been shown that series of planes can be passed through the 
atoms of a crystal parallel to any imaginable face (hkl) and that the X-ray 
diffraction effects from a crystal can be conveniently interpreted as re- 
flections from such series of parallel atomic planes. In accordance with 
equation (16) of Chapter III a beam of X-rays will be reflected’' by the 
(hkl) planes when 

nX = 2diH sin 9^, 

^ Q. Wulff, op. cit. 

®S. Czapski, Zeitsch. f. Instrumentenkunde IS, 1 (1893). 

® R. Gross, Centr. Neues Jahrb. f . Mineral. 1920, p. 52. 

Einne, Ber. K. Sachs. Ges. Wiss. Leipzig (Math.-phys. Klasse) 67 f 303 (1915), 

® S. Nishikawa and G. Asahara, Phys. Eey. Jf5, 38 (1920). 

® M. Laue and J. S. van der Lingen, Physikal. Z. ISy 75 (1914); H. Haga and F. M. 
Jaeger, Proc. Eoy. Acad. Sci. Amsterdam 16, 792 (1914). 
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An indefinitely large number of these series of planes can be imagined 
in the thin crystal sections used for making Laue photographs. They 
will be inclined at a large variety of different angles to the X-rays for any 
one crystal setting. Many of them then wifi meet the requirements of 
equation (16) for the reflection of some wave length present in the white 
X-radiation used. It is to be expected from this standpoint that a Laue 
experiment will yield a number of spots each capable of being considered 
a “reflection” from some possible crystal face (hkl). Since the inclination 
of the possible atomic planes is governed solely by symmetry, the distribu- 
tion of spots upon the photographic plate will depend only upon the sym- 
metry of the crystal and its orientation with respect to the X-ray beam. 
Thus aU cubic crystals with X-rays traveling along four-fold axes give 
Laue spots at precisely the same positions. This would be equally true 
for any two similarly oriented crystals with identical axial ratios and 
angles. 

Following the reflection analogy in the interpretation of Laue photo- 
graphs it is necessary to identify the individual spots that occur with the 
planes which give rise to them. An integral multiple, nX, of the wave 
length of the rays producing each spot can then be calculated from measure- 
ments upon the photograph. When the wave lengths of reflecting planes 
have been ascertained in this way intensity comparisons may be made 
to distinguish between the different structures otherwise found possible 
for the crystal under examination. 

The Symmetry of Laue Photographs. Since diffraction effects can 
properly be considered as (internal) reflections from atomic planes parallel 
to a crystal face (hkl),' there can be no differenTO_between the results ob- 
tained from the face (hkl) or its parallel face (hkl). The equivalence of 
reflections from (hkl) and (hkl) means that in its diffraction effects every 
crystal will seem to have a center of sjunmetry. As a consequence the 
32 classes of crystal symmetry reduce to 11 groups ^ when the symmetry 
of their X-ray phenomena is considered. The content of these groups 
is given in Table I. The symmetry of Laue photographs from crystals 
belonging to any class of symmetry can be deduced from the stereographic 
projections of the appropriate “master” classes of the second column. 
These projections are included amongst the figures of Chapter I. 

The Determination of the Indices of the Planes Producing Laue Spots. 
The path of the X-rays producing a Laue spot can be shown diagrammati- 
caUy in Figure 82. The incident beam OC and the ray CA reflected by a 
plane with the trace DB lie in the plane of the paper. The distance on the 
photographic plate between the spot caused by CA and the symmetrical 
imdeviated slit image is AC'; CC' is the distance from the crystal to the 

^ G. Friedel, Comptes rendus 157 , 1533 (1913). 
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Table I 

( 1 ) ( 2 ) 

Crystallographic Symmetry of X-ray 

Symmetry Diffraction Effects 

I. Triclinic System 

1C \ ICi 

iCi i 


II. Monoclinic System 
2c ] 

2C [ 

2Ci j 

III. Orthorhombic System 

2 e I 
2D \ 

2Di J 

IV. Tetragonal System 

4c ] 

40 
4a 
4d 
4e 
4D 
4Di 


2Ci 


2Di 


4Ci 


4Di 


V. 


Cubic System 


T 

Ti 

Te 

0 

01 


Ti 

Oi 


VI. Hexagonal System 

A, Hhombohedral Division. 

3C ] 

3Ci J 3 Ci 

3e ] 

3D 1 3Di 

3Di J 


B. Hexagonal Division 
6c 1 
6C [ 

6Ci , 

6d 

6e 

6D 

6Di^ 


6Ci 

6Di 
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plate. By the reflection requirements the angle ACC' is 26 . The informa- 
tion in this figure combined with a knowledge of the distribution of the 
possible crystal faces (as reflecting planes) for any desired orientation 
permits the identification of Laue spots. 

This problem of the distribution of possible reflecting planes is essen- 
tially the same that is met in ordinary crystallography when it is desired 
to represent the positions of various faces observed upon a crystal speci- 
men and to determine the spacial relationships existing between them. 



Fia. 82. 

As such it has received a solution in numerous forms. Of these the most 
convenient and serviceable are the various kinds of graphical projection. 

The symmetry of the crystal classes has been described in Chapter I 
with the aid of the stereographic projection. The first interpretation ^ 
of a Laue photograph in terms of the reflection, analogy employed the fol- 
lowing adaptation of this type of projection (Figure 83). A beam of X-rays 
is incident upon a crystal at C; those reflecting planes having the zone 
axis CO produce a set of reflections lying upon the surface of a circular 
cone with apex C and two generators AC and BC.^jFor instance the ray 
reflected by the plane (through OC) which when emended to the photo- 
graphic plate has the trace DOE will travel along the generator CF. The 
intersection of this circular cone with the sphere of projection is a circle 
of diameter CT. The intersections of such circular cones with the plane 
of the photographic plate are ellipses. Their stereographic projections 
upon this plane are circles; thus the circle through C' and G is the pro- 

1 W. L. Bragg, Proc. Roy. Soc. (London) 89Aj 246 (1913). 







INTERPRETATION OF LAVE PHOTOGRAPHS 


121 


jection corresponding to the ellipse passing through C' and W. The 
projections for the important zone ellipses give the projection of a Lane 
pattern. The Lane spots, as reflections from possible crystal faces, lie 
□n the intersections of two ellipses. The indices of the spots (i.e., the 
indices of their reflecting planes) are given through the customary zone 
relationship (page 52) by the indices of the zone axes of their intersecting 
projection circles. 

The method of preparing one of these projections can be illustrated 
by assigning indices to the simple Laue photograph obtained when X-rays 
travel along a four-fold axis of a cubic crystal of magnesium oxide (MgO) . 
Figure 84 shows the intersections of some important zone axes with the 
plane of the photographic plate. The positions of these axes and the value 
of their indices will be clear from Figure 85 which is a section normal to 
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Fig. 85. — A section through the X and Z axes of Fig. 84 showing on this plane ACAi 
the zone axes necessary for drawing Fig. 87. A perpendicular section through A'CA'i 
would be exactly similar. 

the plate and containing the Z- and the X- (or the Y-) axes of coordinates. 
The resulting. projection of the Laue photograph of Figure 86 is shown in 
Figure 87. The distance (CT' of Figure 83) from the central undeviated 
image to a spot on a Laue photograph is related to the corresponding 
distance upon the projection (C'G) by the relation 


4j. 2 _ g2 

where r is the radius (CC') of the sphere of projection, 

f is the distance (F'C') of the spot upon the photograph and 
g is its corresponding distance (GCO upon the projection. 



Fig. 86. — Laue photograph, of a cubic crystal of magnesium oxide. The incident 
beam of X-rays was parallel to a four-fold axis. 



Fig. 87. The stereo^aphic projection of a Laue photograph of magnesium oxide 
taken with tl^e X-rays passing along the Z-axis of coordinates. The intersections of 
the zone axes of Fig. 85 with the plane of projection are shown by open circles: the 
projections of Lane spots, as reflections of possible crystal planes, are marked by 
black circles. The size of these circles is roughly proportional to the intensitv of 
their corresponding spots (Fig. 86). 
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Though, this modified stereographic projection will furnish the indices 
of planes producing reflections in any Laue photograph, it is frequently 
difficult and time-consuming to make and must be carried out with con- 
siderable accuracy. As a consequence it has been replaced in crystal 
analysis by the simpler gnomonic projection. 

The gnomonic projection ^ of a crystal located at the center (C) of the 
sphere of projection (Figure 88) is furnished by the intersections of the 



Fia. 88. — The gnomonic projection of a plane. The plane RSTU passing through the 
center C is parallel to some face of a crystal located at C. The hne G'C is normal to 
RSTU. Its intersection with the plane of projection MNOP at G' is the gnomonic 
projection of the plane RSTU (and of its parallel crystal face). 


normals to its faces with the tangent plane MNOP. Since all of the 
normals to the faces in a zone lie in one plane through the center of pro- 
jection, their projected positions will all fall upon a straight line. This 
property is one of the outstanding advantages of the gnomonic projection. 
Its most desirable feature for the present purposes, however, lies in the 
fact that if the plane of projection is taken normal to one of the axes of 
reference, the' indices of faces can be determined directly from the co- 
ordinates of their projected positions on this plane. A crystal so set that 
the Z, or c, axis is perpendicular to the plane of the projection, will be 
said to be in a ^‘standard” orientation. 

The gnomonic projection is readily adapted^ to the analysis of Laue 


IV. Goldschmidt, tJber Projektion u. KrystaUreelmung (1887); H. E. Boeke, Die 
gaomonische Projdktiou (Berlm, 1913). 

* F. Rinue, op. cit.; R. W. G. Wyckoff, Am. J. Sci. SO, 317 (1920). 
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photographs. In Figure 89 X-rays striking a crystal at C are reflected in 
a plane which produced is RSTU. The gnonaonic projection of this plane 
upon MNOP, which is assumed to be the plane of both the projection 
and the photographic plate, is G'; its Laue spot will be registered at F. 
The lines G'C, CO" and CF aU lie in a plane and it is evident that if either 
the projection of a plane or the position of its Laue spot is known, the 
other can be calculated immediately. It is best to make all projections 



Fig. 89. — The gnomonio projection of a Laue spot. The X-rays incident at right 
angles to the plane of projection and of the photograph ^MNOP) are reflected by a 
plane RSTU (when extended) in a crystal at C giving rise to a spot at F. By the 
gnomonic projection of the Laue spot F is to be understood the gnomonio projection 
of the reflecting plane ESTU. According to the preceding figure this point is G'. 

with a constant radius fCC") of five centimeters. Since Laue photographs 
are taken at various distances from the reflecting crystal, the plane of the 
projection will not always coincide with that of the plate. In such a case 
the relations between a Laue spot and its gnomonic projection can be 
expressed with the aid of Figure 90. In this figure the plane of the paper 
is perpendicular to both the plane MNOP and the plane RSTU of Figure 
89. As before G^C'F is a straight line, FC' is the distance of the spot 
from the central image and GO" is the distance of the projected point 
from the center point of the projection. It then follows that 

GO" = CC" cot 0 = 5 cot d 
^ H tan-i 


where 
. . ( 21 ) 
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In the ordinary crystallographic use of the gnomonic projection it 
is customary to describe the normal to a face by stating its longitude 4>i 



Fig. 90. — section, G'CF, through the preceding figure showing the relations that 
exist if the plane of the photograph is not coincident with that of the projection. 


(from an arbitrarily fixed zero position) and polar distance pi (Figure 91). 
These coordinates (4>i, pi) are the quantities that can be directly measured 
upon a crystal with the two-circle type of goniometer. 


Pole 



Fig. 91. — ^The polar coordinates pi and 4>i of the normal to the plane of a face of a 

crystal located at C. 


The actual plotting of gnomonic projections from Lane photographs 
(or the reverse) could be carried out in a variety of ways. It can be done 
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very simply and rapidly with the protractor ^ shown in Figure 92. The 



left side of this ruler, divided into’ millimeters from the 
central point C", measures the distance of a Laue spot 
from the central image (FC' of the preceding figures) ; 
the right side is graduated in accordance with the re- 
quirements of expression (21) to read the correspond- 
ing projected distances GC''. A different protractor is 
required for each distance from crystal to photograph. 
Data for the preparation of protractors to be used with 
the most common plate distances (CCO of four and five 
centimeters are given in Tables I and II of Appendix II. 
In making a projection the appropriate ruler is mounted 
at C" on a pin passing thrpugh the common center of 
the projection and a reproduction of the Laue photo- 
graph (Figure 93). Then since a spot and its projection 
lie in a line through the center C", the projection of any 
spot'F is located on the opposite side of the ruler at a 
graduation corresponding to the plate distance FC'' (FC' 
of the previous figures) of the spot. The reproduction 
may be a tracing but it is more satisfactory to use a 
positive print of the Laue photograph. At the same time 
that a spot is projected its distance on the photograph 
from the central image (C"F of Figure 93) and its esti- 
mated relative intensity should be recorded. These rela- 
tive intensities must be obtained from the original 
negative and not from prints. When five centimeters 
is taken as the radius of the sphere of projection, the 
projections of all useful Laue spots lie outside of the 
central area occupied by the photograph itself. 

It has been stated that if the plane of projection is 
normal to an axis of the crystal, indices of faces can be 
read directly. Consequently the indices of reflecting 
planes are easily obtained on a Laue photograph made 
with the X-rays parallel to crystal axes. The gnomonic 
projection of the magnesium oxide photograph ^ of Fig- 
ure 86 is shown in Figure 94. The directions of zero 
indices of X and of Y (the coordinate axes of the pro- 
jection) are known from the crystal orientation.' In a 


Fig. 92.— a ruler cubic crystal the axes are all at right angles to one an- 
r^t^^the gim- equal unit lengths so that the coordinate 

monie projec- 
tions of Laue ^ R. W. G. Wyckoff, op. cit. 

spots. »Il. W. G. Wyckoff, Am. J. Sci. 138 (1921). 



INTERPRETATION OF LAVE PHOTOGRAPHS 


127 




Fig. 93. — The manner of using the gnomonic ruler of Fig. 92. X-rays reflected by a 
crystal at C give rise to a Laue spot at P, The distance of this spot from the central 
image C" is read to the right upon the ruler; its projection G lies at the correspond- 
ing division to the left of the center. 



Fig. 94.— The gnomonic projection of the photograph of magne^mn oxide (MgO) 
having the stereo^aphic projection shown in Fig. 87. The incidmt X-rays are 
parallel to the 
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Tig. 95. — section taken through the X and Y ^es o^the preceding The 

lines CD, CB and CA are traces of the planes (301) (or 301), (201) and (101). Their 
gnomonic projections D', B', A' are so situated that D'B', B'A' and A'C'^ are equal. 
For all cubic crystals they also equal CC", the radius of the sphere of projection. 
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gnomonic projection of a Laue photograph of a tetragonal crystal of rutile 
(TlOs). The X-rays trayel along the 2-axis. The square coordinate system of 
full lines corresponds to the usual axial ratio, a ; c = 1 : 0.6442* 
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network is square. The length of the side of this network is equal to 
five centimeters, the radius of the sphere of projection (Figure 95). 
The X and Y coordinates (Figure 94) of a point give the first two in- 
dices of its corresponding plane, the Z index is always unity (as long 



Fig. 97. — A section through the Z and X (or Y) axis of Fig. 96. The traces of certain 
planes of the zone (hOl) — AC, BG and DC— and also their gnomonic projections 
A', B', D', are shown. 

as the Z-axis is perpendicular to the plane of projection). If necessary 
the indices obtained in this manner must be multiplied by an integer to 
make them whole numbers. Thus the coordinates of S and of R (Fig- 
ure 94) are OX, 2Y and 2X, — ^Y; their indices are 021 and 412 
(i.e. 2^1). 



Fig. 98. — The coordinate system of a ^omonic projection of an orthorhombic crystal 
when the plane of the projection is normal to the principal (Z) axis. 

The determination of indices on a projection (Figure 96) of a photo- 
graph taken with the X-ray^ traveling along the Z (c) axis of the tetragonal 
crystal rutile (TiOj) is almost as simple.’ Since tiie two axes X and Y 
lying in a plane parallel to that of the projection are perpendicular to 
one another and of equal unit lengths, this coordinate net also will be 
square. The length of the unit side, which no longer will equal the radius 
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of the sphere of projection, can be obtained with the help of Figure 07. 
This figure shows a section normal to the projection plane which contains 
the Z axis (CO") and the X for the Y) axis of the reflecting crystal at C. 
The trace of the plane (103) when extended will meet the projection 



plane at a point A so situated that AC" : CC" = a : c. The length of 
the side of the quadratic net is A'C", where A' is the gnomonic nrojection 
of A, and 

A'C" — CO"- = 5 c centimeters (since a =* unitvl. 
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The axial ratio of rutile is a : c = 1 : 0.6442 so that A'C" = 5 X 0.6442 
= 3.-22 cm. 

lu the projection of a Laue photograph of an orthorhombic crystal 
made with the X-rays parallel to the Z-axis, the coordinate system is 
rectangular (Figure 98). The length of its sides a' and b' are 

a' = CC" X c/a = 5 c/a centimeters and 
b' = CC" X c/b = 5 c/b centimeters. 

For both hexagonal and rhombohedral crystals expressed in terms of 
the MOler-Bravais axes, the unit of the projection network is a rhombus 
having a 60° angle. This is illustrated by the full lines in Figure 99 which 
is the projection of a Laue photograph of rhodochrosite i (MnCO*) pre- 
pared with the X-rays parallel to the Z axis. The length of the side, a', 
of the net of this figrue is governed by the relations (Figure 100). 

BC” = CC" X c/a and &' = BC"/eos 30° = BC" or 

a' = 1.153 X 6 c = 5.750 centimeters (taking a = unity). 



Fig. 100. — The coordinate system for the hexagonal Miller-Bravais indices of a ^omonic 
projection of a hexagonal or rhombohedral crystal if the plane of the projection is 
normal to the principal (6- or 3-fold) axis. 

If the X-rays travel parallel to one of the three equivalent Miller axes of 
a rhombohedral crystal, the net of the resulting projection is a special 
case of the triclinic net. Crystals built upon the rhombohedral lattice 
can be first interpreted (Figure 99) in terms of the Bravais-Miller axes. 
These indices can then be transformed into the rhombohedral Mfller 
indices by means of the familiar equation: ^ 

h = 2H -f K -h L; k = K - H -h L; 1 = - 2K - H -h L, . . .(22) 
. ' R. W. G. Wyckoff, Am. J. Sci. SO, 317 (1920). 

* See for instance P. Groth. Plivsikalisch.e KrystallojirapMe, p. 434 (1895). 
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whsre (hkl) sre tli6 Miller indices of & plane having the corresponding 
Bravais-Miller indices (HKIL). The Miller index field of the projection 
of rhodochiosite obtained in this way is shown by the dotted lines of 
Figure 99. 

The projections of Lane photographs of monoclinic and triclinic crystals 
taken with the X-rays passing along crystal axes can be constructed in a 
piTTiiler fashion. If the projection plane is normal to the principal (Z) 
axis of a monoclinic crystal, the coordinate network is built of parallelo- 
grams; if it is perpendicular to the X or Y axes the net is rectangular, 
but the projection of the (100) or (010) plane, as the case may be, wiU 
not lie at the center of projection. The triclinic net is composed of 
parallelograms, the origin of which is not at the center of the projection. 
The only simplification of this triclinic net which results when the X-rays 
are parallel to a (Miller) axis of a rhombohedral crystal arises from the 
fact that the parallelograms become rhombs. 

If the X-rays make small angles with crystallographic axes (up to 
10° in some cases), parallelograms of the projection net for the resulting 
photographs will not be suflSeiently distorted to prevent an immediate 
assignment of indices. This tilt may be greater if, as is a common 
procedure in crystal analysis, a series of photographs is prepared wdth 
gradually increased deviation from parallelism between X-rays and 
crystal axis. 

It frequently happens that either to obtain additional data or because 
of the habits of growth of a crystal, Laue photographs must be prepared 
in which the X-ray beam rdakes large angles with the axes. There are 
various ways in which an assignment of indices can be made upon the 
projections of such photographs. Thus it would be possible to calculate 
by the usual geometrical process the positions of the projections of several 
important reflecting planes appearing upon the photograph. Knowing 
these the application of the customary zone relations would serve to 
locate others. The indices might also be calculated throughout in terms 
of their coordinate positions by a purely anal3rtical process. If a Laue 
photograph is taken through some simple crystal face, it wiU frequently 
be possible to set up a new coordinate net that wiU aid materiaUy in assign- 
ing indices. The photograph giving Figure 106, in which the X-rays are 
nearly normal to a (110) face of potassium aluminum alum, is an example. 
Once such a projection has been made it can also be used to shorten greatly 
the time required to interpret similar photographs from other crystals. 
The simplest generaUy applicable procedure. consists in rotating the pro- 
jection of a photograph Tmtil its plane is perpendicular to a crystal axis. 
In actual practice it is suflicient to rotate the projections of only a limited 
number of reflecting planes and thus to determine their indices. The rest 
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are more easily found from these by applying zone relations upon the 
original projection. 

The plane of a gnomonic projection can be most simply rotated with 
the gnomonic rotation net.^ In Figure 101 a^C is the normal to some face 
of a crystal located at C. If the crystal is rotated about an axis EF through 
C perpendicular to the plane of the great circle through B, and D, 



Fig. 101. — The gnomonic projection of the face of a crsytal at C is a'. If the crystal 
is rotated about EF as an axis, the path of the intersection of the face normal with 
the surface of the sphere of projection is the small circle gQr. The projected point a" 
moves over the hyperbola sa'q't. This rotation of the crystal about EF is equiva- 
lent to such a movement of the plane MNOP over the sphere that its point of tan- 
gency passes over the great circle BC"D. For the description of these rotations it 
is convenient to measure coordinates pi<f>i (Fig. 91) from E as a pole. 


the path of a' upon the surface of the sphere of projection is the small 
circle gQr and its course upon the projection is an hyperbola sa'q't. This 
is equivalent to such a rotation of the plane of projection MNOP that 
its point of tangency always lies upon the great circle through B and D. 
A series of great circles e', e", . . . (Figure 102) will measure the angle 
through which the crystal (or projection) has been turned and a series of 
Rmn.!! circles f', f", . . . will define the paths of face normals (such as 
sq't of Figure 101). A gnomonic rotation net is obtained by projecting 
these circles upon MNOP. The great circles as usual appear as straight 
lines, the small circles give hyperbolas. The X and Y coordinates (f' 

‘H. Hilton, Mineralogical Mag. I 4 , 18 (1904). 
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and ??0 of points for the construction of this net can be calculated with 
the following equations: ^ ^ 

r = CC" cot 0' (23) 

y = CC'' cot p' cosec (!>' . 

where CC'', the radius of the sphere of projection, is to be taken equal 
to five centimeters. In these equations p is measured from the point E, 



Fig. 102. — ^The gnomonie rotation net is obtained by projecting equally spaced small 
circles parallel to BC'^C and an equidistant set of great circles having the axis EF. 

and (j)' from the plane of FCBE (Figure 101). The calculations 2 neces- 
sary for drawing a net which will extend to 80° can be made with expres- 
sion (23). A rotation net with this wide angular range, which is essential 
for its use in crystal analysis, is shown® in Figure 103. In using it to 
rotate the plane of a projection, this gnomonie net (on tracing cloth or 
other transparent material) should be placed upon the projection so that 
the centers are coincident and the line joining this center with the center 
of the projection after rotation lies along C"P (Figures 102 and 103). 

^ G. F, H. Smith, Zeitsch. f. Kryst. BB, 142 (1904). 

* 

* R. W. G. Wyctoff, op. cit. 
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Each point upon the projection should then be moved through the angular 
distance between the new and old centers. Those points lying upon the 
line joining these two positions will obviously move along the hne 
all other points pass over their appropriate hyperbolas. 

The use of this net will be illustrated by establishing coordinate axes 
for the direct assignment of indices upon the (110) projection of a cubic 





^ 30 20 lO O lO 20 30 ^ 

Fig. 103. — The gnomonic rotation net, extended to 80°. The point C". lies the cen 

ter of this figure. 

crystal. 1 A cubic crystal with its Z axis normal to the plane of projection 
gives the square coordinate network of Figure 104. When the X-rays are 
normal to the (Oil) face of such a crystal .[(Oil) is then parallel to the plane 
of projection], the projection of this face will be at the center. A rotation 
of Figure 104 to such a position can be accomplished by placing the net 
(Figure 103) concentrically over this figure with the line C'P coinciding 
with the line h = 0 and moving each point 45° along its hyperbola.^ The 
full lines which in Figure 104 converge upon (Oil) will be parallel in the 

1 R. W. G. Wvckoff. ZeitsGh. f. Krvst. S7. 595 (1923). 
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rotated projection and furnish, as Figure 105 shows, a set of coordinate 
lines from which indices may be read directly. The operation of this co- 



Fig. 104. — The square coordinate system (dashed lines) for the gnomonic pro- 
jection of a cubic crystal when the plane of projection is normal to a four-fold axis. 

ordinate system is illustrated by the projection, in Figure 106, of a Laue 
photograph ^ of potassium aluminum alum taken with the X-rays nearly 
normal to the (Oil) face. Index fields for a few other special orienta- 
tions have been described. Among these are to be mentioned: (a) (111) 



V — 

\ 





7“ 

/ 



' V. 

V' 

\ 

'•J 


i 


/ 




\ 

\ 



/ 

/ 

/ 




X 

\ 

\ 

\ 

s 


COQI) 

/ 

/ 

/ 

// 





K 

\ 

/ 

/ 

/oh)/ 








/-/■ 










IZf 3,1^1 















' 1 








1 ^ 

i 




Fig. 105. — A. rotation of Figure 104 till the plane of projection is perpendicular to the 
(Oil) plane.^ The full lines constitute a rectangular system of coordinate lines useful 
in assigning indices to reflecting planes in a cubic crystal oriented to give this pro j ection. 

photographs (Figure 107) of cubic crystals (analogous to basal reflections 
from rhombohedral crystals, Figure 99); (b) (llO) photographs 2 of 

^ R. W. G. Wyckoff, Zeitsch. f. iCryst. 57, 595 (1923) 

* R. G. Dickmson, J. Am. Chem. Soc. 1489 (1922). 
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tetragonal crystals (analogous to the (110) photographs of cubic crystals); 
and (c) cleavage photographs of rhombohedral crystals (Figure 108). 

As an illustration of the use of the zone relations (page 52) upon 
projections of Laue photographs, the indices of the plane P in Figure 106 



Fig. 106. — gnomonic projection of a Laue photograph of potash alum taken with the 
X-rays nearly parallel to the (Oil) face. 


may be found as follows. The indices of P' arm P", two points lying in 
the same zone AB as P, are (511) and (l53). Since 

u =kl' - Ik', V = Ih' - hi' and w = hk' - kh' 

the zone axis symbol [uvw] for AB will be [8 16 24] or [123]. Similarly 
the zone DE through Pi(453) and P2(23l) and containing P will have 
the symbol [422] or [211]. The indices of P at the intersection of these 
two zones then are given by 

h = vw' — wv', k =wu' — uw' and 1 = uv' — vu' 

as (573). Where applicable the following device is much simpler to 
use. It wUl be observed that the sum of the corresponding indices of 
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two planes in a zone always gives the indices of another plane lying be- 
tween them in the same zone. Thus in this same Figure 106 the projec- 
tion of the planes (452) and (573) will be_found somewhere upon the 
portion of the line AB joining (331) and (121), i.e. (242). The indices 



of P, in the zones of both AB and DE, could be found by adding together 
indices of points' on DE imtil a set was obtained that was identical mth 
one derived in a similar way from planes upon AB. Hence by adding (23l) 
and (342) on the one hand and (452) and (12l) on the other, (573) are 
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seen as the indices of P. In practice this procedure proves to be of great 
value and can be used whenever the indices of two planes on each of two 
zone lines passing through the desired point have been determined. 



For cubic crystals three mutually perpendicular axes of equal length 
can be chosen in. only one way. The axes of reference are thus absolutely 
fixed by the symmetry requirements alone. This simple state of affairs 
does not prevail in any other system of symmetry. For crystals belonging 
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to these other systems there is an indefinitely large number of unit cells, 
each with different though related axial ratios, which might be chosen 
for crystallographic description. The indices of planes and faces will be 
different in terms of each of these units. This multiplicity of unit cells 
can be illustrated with the basal gnomonic projection ^ of tetragonal 
rutile (Figure 96). The unit corresponding to the full coordinate lines in 
this figure is the right square prism OABDO'A^B^D' (Figure 109) where 
OA = OD = ao and AA' == Co == 0.6442ao. A possible unit would, how- 
ever, be furnished by the prism OBEFO^B'ET' in which OB is the diagonal 


s' 



Fig. 109.— The unit cell of a crystal of rutile (TiOa) corresponding to the axial ratio 
a : c = 1 ^.6442 is OABDO 'A'B'D'. The unit OBEFO'B'ET' has the axial ratio 
a : c = V 2 : 0,6442 = 1 : 0.4555. The full lines of Fig. 96 refer to the first of these, 
the dotted lines to the latter. 

of the square OABD. The axial ratio for the new axes of this diagonal 
unit is V3a : V2a : c and the corresponding coordinate system on the 
projection is given by the dashed lines of Figure 96. A transformation 
of indices from one coordinate set to another thus is readily carried out 
upon the projection. The relation between the indices of a plane referred 
to two axial systems can also be expressed by simple equations of a form 
deducible from the projection. For instance if (hkl) are the indices of a 
plane according to the original axes of Figure 96, the indices (h'klO of 
the same plane referred to the diagonal set are given by 

li' = h + k, -k' = k — h, 1' ~ 1. 

Still other unit cells would be obtained by multiplying either the a or the 
c axis of the original unit or its diagonal derivative by an integer. 

In the hexagonal system an indefinite number of units diagonal to one 
another are possible^ as well as the ones obtained by multiplying one or 
the other of the axial lengths of these units by an integer. In the ortho- 
rhombic system there is only one way of setting up three mutually perpen- 
dicular axes of reference; their relative lengths as sides -of possible unit 


^ From unpublished data by the writer. 
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cells may, however, be pa : qb : rc, where a : b : c is an axial ratio and 
p, q and r are any integers. Conditions are still more complicated for 
monoclinic and triclinic crystals because then unit cells can be developed 
from sets of axes which not only make different angles with one another 
but can vary in the unit lengths of all three axes. The problem of determin- 
ing which of this large number of conceivable units are compatible with 
the prevailing atomic arrangement presents one of the greatest difficul- 
ties encountered in studying the structures of crystals of low symmetry^ 

The Determination of the Wave Lengths of X-rays Producing Laue 
S'pots } — After indices have been assigned, the wave length of the X-rays 
producing each spot in a Laue photograph can be determined with the 
appropriate form of expression (16) of Chapter III: 

% 2ao 

nX = 'T'^ ; "x sin Bn 

vFChkl; abc; a^y) 

Sin Bn can be calculated by remembering that the distance of a spot from 
the central image divided by the distance from crystal to photograph 
equals the tangent of 2 Bn- In the routine analysis of Laue photographs 
it is an advantage to be able to step directly from plate distance to sin B 
using a conversion table (see Table III, Appendix II). Distances of the 
individual Laue spots, as read upon the right hand side of the gnomonic 
ruler, are recorded during projection in order to be available for this 
calculation of sin B, A rough estimation of the length of the edge of the 
unit cell can be obtained from Laue photographic data alone but it is 
much more satisfactory to get it accurately from a spectrometric observa- 
tion of some sort. If the crystal is cubic, the correct values of n\ for each 
spot can be immediately calculated from the data. The uncertainty con- 
cerning the choice of a suitable unit in crystals of lower symmetry intro- 
duces difficulties which will be mentioned subsequently. 

At voltages suitable for making Laue photographs the intensity of 
X-rays increases with wave length from the zero defined by the quantum 
condition to a maximum and then gradually falls off again (Figure 58). 
The position of this maximum shifts towards shorter wave lengths as the 
voltage upon the X-ray tube is raised. The photographic effect of X-rays 
of various wave lengths (page 85) on the other hand parallels their absorp- 
tion in the silver bromide emulsion, rising to a maximum at the absorption 
limit for silver, and then after a sharp fall, moxmting to the bromine limi t . 
The curve outlining the photographic effect of the '‘white’’ X-rays pro- 
ducing Laue patterns arises from a compounding of these two curves. 

1 The basis of this method of interpreting Laue photographs for the study of crystal 
structures was laid by P. P. Ewald, Ann. d. Physik 44i 257 (1914). 
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Its general character ^ for X-rays from a tungsten tube operated at 40,000, 
50,000 and 60,000 volts is given by Figure 110. Each curve rises rapidly 
from the short wave length limit and reaches a maximum around a wave 
length of 0.484 A° (the characteristic absorption limit of the silver). 
This peak is more marked and the long wave length portion less impor- 
tant at 60 than at 40 kilovolts. The broadening of this maximum due to 



Fig. 110. — Curves showing the photographic effect of the *Vhite^^ radiation from a 
tungsten tube. The top curve has been calculated for an applied voltage of 60 K. V., 
the middle one for 50 and the bottom one for 40 K. V. 

the continued shift of the X-ray intensity curve (Figure 68) toward the 
short wave length region is becoming important at 60 kilovolts. At still 
greater potentials the maximum photographic effect will no longer remain 
at the critical absorption of silver but will shift towards shorter wave 
lengths. 

In general, reflections to be used in establishing the structure of a 
crystal should involve wave lengths between the low wave length limit, 

^ R. W. G. Wyckoff, Am. J, Sci. d'O, 317 (1920). 
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and 2 Xmin* Otherwise if nX>2Xciin an observed reflection may 
be partly of one and partly of another order. Only when it is known in 
some other way that planes of particular types do not give reflections in 
the first one or more orders can higher values of nX be safely employed in 
intensity comparisons. If a high tension transformer supplies the current, 
Laue photographs are most efficiently produced at 50 to 60 kilovolts; 
at this potential the maximum of the wave length — intensity curve is 
practically coincident with the critical absorption of silver but there is 
no appreciable radiation shorter than X^m == i X 0.48 A°, In higher 
voltage photographs the existence of wave lengths less than 0.24 A® will 
render valueless the potentially intense reflections near to nX = 0.48 A®. 
With strongly absorbing crystals, however, it may be necessary to forego 
the use of these strong reflections and work at a higher potential for the 
sake of the more penetrating radiation. 

A knowledge of the low wave length limit in the X-ray beam can be 
used to eliminate many of the crystallographicaUy possible unit cells of a 
non-cubic crystal. Values of nX for each of these units can be calculated 
in the manner already outlined. All those units may be discarded which 
do not give values of nX down to but not below [unless the presence 
of a critical absorption limit (see below) in the region from Xn^n to 2 
causes the absorption of these shortest wave lengths]. The application 
of this criterion will be illustrated in Chapter VII. 

A photograph taken with the X-rays inclined at an angle of a few 
degrees to a crystal axis yields the greatest amount of valuable informa- 
tion. In such a photograph planes belonging to the same form will occur 
at different distances from the central undeviated spot and consequently 
will be reflecting X-rays of different wave lengths. If the diffracting 
crystal is composed of atoms which do not have a critical absorption limit 
between Xmia 2 X^nm^ a smooth curve will be obtained by plotting 
against their wave lengths the estimated intensities of the reflections 
from all planes belonging to one form. This curve is similar to the ones 
showing the photographic effect of ''white'" X-rays (Figure 110). Several 
such curves ^ for forms giving reflections in a photograph of magnetite 
(Fe 304 ) are illustrated in Figure 111. Enough reflections for the con- 
struction of these curves will be found on a single photograph only for 
crystals with high symmetry. Their shape must be borne definitely in 
mind, however, whenever intensity comparisons are attempted between 
reflections due to different wave lengths. As Laue photographs are usually 
prepared, the planes reflecting the same wave lengths and the useful 
data obtained from any one photograph will be in a sense an affair of 
chance. This uncertainty is not necessary for it is clearly possible to 

J S, ISTishikawa, Proe. Math. Phys. Soc. Tokyo 8j 199 (1915). 
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calculate in advance the partictdar position of a crystal required to make 
two reflections have the same wave length. Such an accurate placing “of 
the crystal is, however, rarely required at the present time. 

Serious attempts have not been made to measure accurately the in- 
tensities of Laue spots. This is partly due to the fact that the large range 
of blacknesses to be measured and the varying size of the individual 
spots make the photometering a difficult problem. Furthermore quanti- 
tative intensity data, even if they were available, could not now be inter- 
preted directly in terms of atomic positions. It has been the custom 



simply to assign relative intensities by visual estimations upon the photo- 
graphic negative. For many purposes it is merely necessary to divide 
spots into three groups — those that are strong, of medium intensity, or 
faint. The possibility of expressing more grades of intensity difference 
is presented by using a number scale, which usually takes ten as its upper 
limit. The divisions of this scale frequently have had no physical signifi- 
cance; they can in cases where this refinement seems justified be based 
upon a standard consisting of a series of timed direct exposures to X-rays. 
The Only intensity estimations more accurate than these assignments 
which are now required in crystal structure determination are relative 
comparisons of pairs of reflections; such determinations of relative strength 
can be made visually with great certainty. The accurate photometry of 
Laue spots, in common with the quantitative development of so many 
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other topics in crystal analysis, waits for an increase in knowledge of the 
laws of scattering. 

Absorption will have a marked influence upon the intensity of Laue 
spots. Rays diffracted through large angles travel farther in the crystal 
(if the X-rays are normal to the faces of the crystal section) and conse- 
quently are subject to a greater loss in intensity. The effect of absorption 
must always be taken into consideration when making relative compari- 
sons of intensity unless the two spots under consideration are reflected 
through the same angle 0. If a crystal contains one or more atoms having 
critical absorption limits in the useful range between and 2\roim 
the intensity of reflection of a plane for different wave lengths will no 
longer follow such simple curves as those of Figure 111. As a result of the 
strong absorption immediately below the critical absorption limit, curves 
plotted from Laue photographs will have a shape more like that of the 
curve of Figure 112. Reflections of shorter wave lengths register them- 
selves only faintly, if at all. Great care must be exercised in any intensity 



Fio. 112. — A curve illustrating the probable way in which the intensity of reflection 
from planes of a single form varies with the wave length if the crystal has a critical 
absorption in the useful region. 

comparisons made within this region of selective absorption. If, as 
recent experiments ^ appear to prove, there is in some instances a strong 
reflection of X-rays with wave lengths equal to those of the characteristic 
lines of the scattering crystal, the ordinate of A of Figure 112 may be 
sufficiently heightened so that it, rather than the characteristic silver 
absorption, may give the maximum effect in a Laue photograph. 

The Monochromatic Laue Photograph.^ — The large number of different 

1 G. L. Clark and W. Duane, Proc. Nat. Acad. Sci. 9 , 126 (1923) . 

* Photographs of this t 3 ^e have been made by the writer ever a period ot severa 
years but an account of their properties has never been published. 
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wave lengths producing reflections materially limits the useful data to be 
obtained from a single Lane photograph. If one were prepared in the 
usual manner but with monochromatic X-rays, few crystal planes would 
be in the proper position to reflect and the resulting pattern would con- 
sist of a very limited number of spots. If, however, the crystal specimen 
were kept in continual rotation one plane after another would be brought 
to reflect this monochromatic beam. As a consequence a Laue photo*^ 
graph rich in spots would be obtained in which each reflection was due to 
waves of the same length. A beam of practically monochromatic X-rays 
can be produced ^ with a molybdenum target tube by absorbing all X-rays 
but the most intense doublet in the characteristic K-series of molybdenum 
with a zirconium filter. The indices of the planes producing the spots 
observed in one of these photographs can be found by using the gnomonic 
rotation net to follow the paths of the crystal planes during rotation. ^ It 
is, however, a much more lengthy procedure than the index determina- 
tion in a simple Laue photograph. 

In spite of the desirability of having all of the reflections of the same 
wave length, this mode of experimentation possesses disadvantages which 
have not encouraged its general use as j^et. A good photograph can only 
be prepared from crystals which are very perfect internally. The long 
wave lengths of the K-lines of molybdenum, as the only monochromatic 
radiation available, are strongly absorbed in passing through the crystal 
and even more care than usual is required in making intensity comparisons 
between reflections that have passed through different thicknesses of 
crystal. Furthermore the continuous rotation of the crystal leaves any 
one plane in a position to reflect for such a short period that very long 
exposures are required to register the fainter spots. Monochromatic Laue 
photography^ nevertheless, may be valuable after an increase in knowledge 
of scattering has put a more definite value upon single observations. 

Anomalous Diffraction in Laue Photographs. — Diffraction effects 
which are not to be accounted for as reflections from atomic planes in a 
perfectly constructed crystal are encountered upon many Laue photo- 
graphs.^ In photographs from strained crystals the usual Laue spots are 
drawn out into radial streaks. Similar, but less strongly marked, streaks 
passing through principal zones of spots are also observed from such 
comparatively poor crystals as the alkah halides. It has been suggested ^ 
that these stripes are essentially powder photographs produced by minute 
crystals in positions which deviate somewhat from parallelism with the 

1 A. W. Hull, Phys. Egt. 10, 661 (1917). 

Einne, Ber. SS-cIis. Akad. Wiss. Leipzig (Matkphys. Klasse) 67 j 303 (1915); 
G. Aminoff, Geol. For. Forh. 4L 534 (1919); E. Hupka, PkysikaL Z. I 4 , 623 (1913); 
p. M. Jaeger, Proc. Roy. Acad. Amsterdam 18, S; etc. 

? For instanpe, R. G. Dipkinson^ Phys. Rev. 199 (1923^. 
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main body of the crystal In two instances — potassium iodide ^ and tin 
tetraiodide 2 — the intensities of these streaks are largely localized in ill- 
defined spots. The appearance of these '^hazy’^ diffractions is very differ- 
ent from that of true ^'reflections ” and with crystals that are good enough 
for satisfactory crystal structure investigation there is no possibility of 
confusing the two phenomena. Besides these diffraction effects, un- 
doubtedly due to distortions or irregularities in the crystalline arrange- 
ment, "anomalous’’ results have been found from spectrometric observa- 
tions 3 on potassium iodide crystals. Similar anomalies are described ^ in 
photographs resembling Lane photographs. These photographs, which 
were prepared with an X-ray beam defined by passage through only one 
pin-hole slit, showed spots which are considered not to be reflections from 
any crystal planes. None of these photographs have yet been analyzed 
in the usual manner to identify the reflections which actually occur and 
the published specimen photographs are too poor to permit of such an 
analysis being made upon them. These "anomalous” effects are not the 
same as those observed upon true Laue photographs of either potassium 
iodide ® or tin tetraiodide.® As yet they have never been obtained under 
the experimental conditions ordinarily used in making Laue photographs 
for crystal structure investigations. Not only the failure to find them 
from other kinds of crystals/ but particularly the known imperfections of 
crystalline potassium iodide suggest that, like the well-known hazy diffrac- 
tions from these crystals, they may not be properties of perfectly con- 
structed crystals. Furthermore the fact ® that the "anomalous” spots 
are proportionately much more weakened than are regular reflections 
when a second defining slit is introduced indicates that they are not to be 
expected upon true Laue photographs (which are made with parallel 
beams of X-rays). 

Summary. — A generally useful method has now been outlined for 
interpreting the reflection spots in Laue photographs. If the length of 
the side of the unit cell has been determined* by some other procedure, 
then the wave lengths of the several hundred reflections found upon an 
ordinary Laue photograph can be calculated. Among these there will be 
a considerable number which are produced by X-rays for which nX lies 
between Xj^in and 2X mm and which consequently provide a large mass 

1 R. W. G. Wyckoff, Science S8, 52 (1923); Am. J. Sci. 6, 277 (1923). 

®Il. G. Dickinson, J. Am. Ghem. Soc. 4 ^, 958 (1923). 

* G. L. Clark and W. Duane, Proc. Nat, Acad. Sci. 8, 90 (1922); etc. 

^ G. L. Clark and W. Duane, J. Opt, Soc. Ana. 7, 455 (1923) and recently Proc. 
Nat. Acad. Sci. 10, 48 (1924); Science S8, 400 (1923). 

^ R. W. G. Wyckoff, Science 58, 52 (1923); Am. J. Sci 6, 277 (1923). 

® R. G. Dickinson, J. Amer. Cliem. Soc- 958 (1923'). 

7 R. W. G. Wyckoff, Science 58, 52 (1923); Am. J. Sci. 8 . 277 (1923). 

* G. L. Clark and W. Duane, J. Opt. Soc. Am, 7, 455 (1923) and recently Proc. Nat. 
Acad. Sci. 10, 48 (1924); Science 68, 400 (1923). 
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of data available for use in crystal analysis. An outstanding advantage 
of the Laue photographs for this purpose arises from the fact that it is 
possible with these many reflections from planes with complicated indices 
to make intensity comparisons between planes of different forms to which 
the same kinds of atoms contribute but which still have the same or closely 
similar spacings. Thus the uncertainties concerning the laws governing 
the scattering of X-rays (Chapter III) are eliminated as far as possible. 

If the length of side of the unit cell is not found by another procedure 
it could still be approximately determined from a use of the short wave 
length limit, Amin, as calculated from the impressed voltage. In practice 
this is unnecessary because whenever a Laue photograph can be prepared 
a spectrometer measurement is possible. The knowledge of is 

useful, however, in deciding between the different unit cells possible for 
other than cubic crystals. 



Chapter V. X-Ray Spectrometry and Spectroscopy 

X-ray Spectrometry 

In accordance with, equation (16) of Chapter III, 
n\ = 2dhki sin 

a beam of X-rays AB (Figure 113) incident upon a crystal face CCi will 
be reflected at certain angles, and at these angles only. An X-ray spec- 
trometer is an instrument which determines the ratio nX/du,i by measuring 
the angle 6^ of reflection of the X-rays from individual crystal faces. If 
the wave lengths of the rays are known, this ratio will give the absolute 
distances between physically (but not necessarily geometrically) alike 
atomic planes in different crystals; or, if the same crystal face is employed, 
this ratio will measure the relative lengths of X-rays from different sources. 



Studies of atomic arrangement are concerned with only the first of these 
two uses. 

Any X-ray tube which is emitting the characteristic radiation of its 
target could be used directly in spectrometric observations upon different 
crystals. Hot-cathode tubes with tungsten and molybdenum anticathodes 
are the only ones commercially available. Of these molybdenum is the 
more satisfactory. The L-radiation of tungsten Is very complicated; 
it is also of so long a wave length that it reflects through too large angles 
and is too readily absorbed. Tungsten K-radiation, on the other hand, is 
excited at too high a voltage to be conveniently used in most experimental 
arrangements. Other X-rays than the K-series lines of molybdenum 
have been used in the past. Notable amongst these are the K-lines of 
rhodium, iridium, palladium and platinum. 

Apparatm, — The usual form of X-ray spectrometer ^ consists essen- 
tially of a set of one or more slits to yield a confined beam, actable upon 
which the crystal can be mounted at a desired angle, and lastly an ioniza- 

^W. H. Bragg and W. L. Bragg, Proc. Boy. Soc. A. 88, 428 (1913); X-rays and 
Crystal Structure, Chapter HI (London, 1918). 
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from the crystal table C can be altered at will. The crys 
be examined is mounted, with wax upon a holder standing o 
eter table. This holder can be tilted to brinir the nlane of 


tion chamber for the detection and measurement of the rays reflected from 
the crystal face. Figure 114 illustrates the arrangement of these essential 
parts in an instrument capable of furnishing approximate measurements. 
The distance of the second (S 2 ) of the two slits (Si and S 2 ) of variable widths 


Fig. 114. — A photograph, of a rough form of the X-ray 
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of X-rays and of the correct crystal face into coincidence. If a large crystal 
is available the face from which the reflection is to be taken can be mounted 
in place with the aid of a removable templet. With a crystal too small to 
cover the entire X-ray beam it is often desirable to limit the exposed 
crystal surface with an opening of definite size. A variable diaphragm 
made for this purpose from platinum foil is shown at c. For many measure- 
ments it is more accurate to study the internal reflections obtained by 
passing the X-rays through a thin section of crystal rather than reflecting 
them from a developed face. The crystal holder should also be fitted with 
a pin or other device for locking it in a definite and reproducible position 
upon the table arm J ; in this way the angular position of the crystal can 
be exactly defined by the vernier K reading upon the graduated circle G, 
Reflected X-rays pass through the defining slit S 3 of variable width into 
the ionization chamber (D) by a window covered with aluminum foil 
or mica. In this spectrometer of Figure 114 the ionization chamber is a 
brass cylinder about 5.5 cm. in diameter and 16 cm. long. The internal 
electrode is a brass rod running longitudinally along the tube immediately 
out of the direct path of the entering rays and insulated from the case by 
a plug of sulfur. This electrode is connected with an electroscope (E) 
by a wire passing through the earthed shield H. A voltage of about 400 
volts (furnished by a battery of primary cells or storage cells of small 
capacity) is impressed upon the case of the ionization chamber. The 
chamber itself is filled with some gas (such as sulfur dioxide or methyl 
bromide) which absorbs the X-rays strongly. The current which results 
from the ionization of this gas by entering X-rays flows between the 
charged case and the previously earthed electrode-electroscope system. 
The consequent change in the potential of the. latter, as read by the electro- 
scope, measures the intensity of X-ray reflection. In making such an 
observation of intensity it is customary to break the earthing key, after 
turning on the X-rays/ and to observe the deflection of the leaf with a 
microscope and scale. In Figure 114 the electroscope is of the tilted^' 
type. In general, however, better results will be obtained by using a 
quadrant electrometer instead of an electroscope. In bringing the parts 
of the spectrometer into alignment it is often convenient to have both 
the front window of the ionization chamber and also a small rear window 
covered with mica or very thin glass. 

The ionization chamber should be prepared for use by passing the 
ionizing gas through it until most of the air has been displaced. At Li 
and L 2 are shown mercury traps that are useful for controlling the flow of 

^ Before spectrometric observations can be made it is necessary that the tube be 
warmed up imtil the source of X-rays no longer changes its position by expansion of the 
target. For this reason it is better to keep the tube running continuously and to use a 
lead shutter to control the time during which the X-rays strike the crystal. 
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this gas and reducing its subsequent loss. Methyl bromide liquefies at 
+ 4 . 5 ^C and may be safely kept liquid in sealed tubes at ordinary tem- 
peratures. Its passage into an ionization chamber is readily controlled 
with the aid of an ice bath. If it should be desired to make observations 
upon relative intensities of reflections which involve more than a single 
wave length, it must be remembered that the absorbing power for any 
gas, and consequently the ionization, is different for different wave lengths. 
In such cases electroscope or electrometer readings can not be taken directly 
as measures of intensities of reflection unless the ionization chambers are 
made of sufficient length to absorb all of the incident X-rays. This varia- 
tion of ionization with wave length will be particularly marked with 
methyl bromide for rays in the neighborhood of the K-radiation of 
molybdenum because of the nearness of the latter to the characteristic 
absorption limit of bromine. 

It is point of importance not only to X-ray spectrometry but also 
to X-ray spectrography that if the distance from the crystal to the sht 
source is equal to the distance from the crystal to the indicating device, 
there will be a focusing of reflected X-rays of a definite wave length at 
the latter, even when the original beam is quite divergent.^ In Figure 
115, 0 is the slit source and A is the ionization chamber slit (S 3 of Figure 
114). The axis of rotation (B) of the crystal face is so placed that 



OB “ BA. In the position CD of the face, the angle CBO is equal to 
the angle DBA and the ray reflected by CD passes along the fine BA. It 
can be shown ^ that with the face turned about B into another position 
C'D', the angles C'EO = D'EA = CBO; consequently X-rays of the 
wave length that passed along BA will travel along EA for the new crystal 
position and will be focused at A. 

1 W. H. and W. L. Bragg, X-rays and Crystal Structure, p. 31. 

2 The A BOP and BP A are similar because Z EPO = Z BP A and Z OEA == 

^ p jpp 

Z OB A. - 5 -T A EPB and OPA are similar and Z BEP = Z BOA. 

IT ZL X x5 

/: BEP + Z AEO + Z OEC' - 180^ = Z ABO + Z BAG 4* Z BOA - Z AEO + 
/ BAO “h Z BEP (from above). Z OEC' = Z BAG. If OB J5A, then 
2 BOA = Z BAO and A DBA = BEA = CBO = C'EO. Thus the rays reflected 
ly CD and C'D' at B and E both pass through A 
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Problems of Accurate Spectrometry for Crystal Analysis, — Two 
measurements are made with the spectrometer upon a reflection from a 
crystal face — a record (1) of its intensity and (2) of its position. 

It is not easy to obtain reliable estimates of intensity under the usual 
experimental conditions. One reason for this lies in the irregularities in 
the current that can be put through the X-ray tube unless elaborate and 
costly sources of high potential are available. To avoid these changes 
each observation could be made a comparison measurement against the 
simultaneous reflection from some standard crystal face. Such a pro- 
cedure requires essentially two spectrometers, one of the general type 
that has been described, the other a simpler one which permits of a per- 
manent setting upon some important reflection from the standard crystal 
face, such as the cleavage face of calcite. The ionization chambers of 
these two spectrometers must not change their properties if reproducible 
results are to be obtained. Such practically constant and permanent 
chambers can be made of glass or fused sihca. It has recently become 
possible to obtain stabilizing devices designed to hold the current through 
the X-ray tube constant. Their use makes a comparison spectrometer 
unnecessary for many purposes. Best results are, however, only to be 
expected through the use of a source of constant high potential. 

Another serious difficulty in the way of accurate intensity measure- 
ments from a crystal face arises from the fact that the amount of. the 
reflection is strongly influenced by the physical state of the face. Not 
only the total reflection but the relative intensities in different orders 
will be markedly different from a cleavage surface than from one which 
has been polished. This is clearly shown ^ by the following data (Table I) 
upon second-order reflections from the (100), cleavage, face of rock salt. 


Table Ia 


Cetstal IimafsiTT 

1. From an excellent cleavage face 50.8 units 

2. From another cleavage face — 

a. When the cleaved edge is horizontal 25.4 

b. When the cleaved edge is vertical 12.9 

3. From the crystal of 2 after polishing 100 


Table Ib 


2 . 


1 . 


Cetbtal 


(above) after polishing 
(above) not polished . 


Second order 

100 units 
50.8 


Iotbnsity 


Pourtii order 

18.4 

18.1 


Sixth order 

4.1 

4.7 


1 W. L. Bragg, R. W. James and C. H. Bosanquet, Phil. Mag. 41 , 309 (1921). 
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A gimilar increase in intensity on polishing has been observed not only 
with cleavage surfaces of calcite but also from natural (not cleavage) 
faces of crystals of sodium chlorate and sodium bromate ' grown from 
solution. 

Some experiments ® have been made with a double spectrometer which 
bear upon the influence of perfection of crystal face upon the intensity 
of X-ray reflection. Tn such a spectrometer the X-rays suffer successive 
reflection from two crystal faces. If the two crystals are alike, a maximum 
reflection will be obtained when their faces are strictly parallel; if the 
crystals providing these reflecting surfaces are not perfectly constructed, 
reflection of a single wave length does not occur sharply at one angular 
position and appreciable effects will be recorded as the second crystal 
moves about its position of paraUehsm with the first. The height and 
breadth of the “rocking curves” resulting from such rotations are measures 
of the intensity of reflection from a crystal and of the perfection of its 
reflecting face. By this experimental method it has been shown that 
calcite is a much more perfect crystal than rock salt. The apparently 
greater reflectivity of the latter is due not to a greater reflecting power 
but to its more imperfect character. A similar explanation probably 
holds for the apparent increase in reflecting power after grinding and 
polishing crystal faces — thus, the rocking curves * of calcite and rock 
salt -cleavage surfaces become less high but much broader after polishing. 

It has also been found * that unless an artificially prepared face is so 
ground that it is absolutely parallel to the corresponding atomic planes 
there will be a different intensity of reflection depending upon whether 
the crystal is mounted to turn clockwise or counterclockwise for reflection. 
The magnitude of this difference is shown by the data ^ of Table II which 

Tabie II 


Obientation Intensity 

Second order Fourth order Sixth, order 

Riglit iLand rotation ........ 100 units 61.0 41.5 

Left liand rotation ........ 52 38.9 39.5 


were obtained from a crystal face of ruby (AI2O3) that was inclined 
to the (iTO) planes. Similar measurements upon a face of rock salt 
which was within half a degree of being parallel to the (100) planes are 
shown in Table III. When the reflecting surface is not parallel to the 
atomic planes in the crystal, the angle of incidence of the X-rays with 

1 E. G. Dickinson and E. A. Goodhue, J. Am. Chem. Soc. 4^, 2045 (1921). 

2B. Davis and W. M. Stempel, Phys. Rev. 17, 608 (1921); 19, 504 (1922). 

^ Ibid. 

^ W. H. Bragg, Pidl. Mag. ^7, 881 (1914). 

^ W. L. Bragg, R. W. James and C. H. Bosanquet, op. cit. 
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respect to the face will not equal their angle of reflection. The difference 
in measured reflecting power illustrated in these two tables has been ex- 
plained as due to the fact that the X-rays will be relatively less absorbed 
in the crystal when the reflection angle is greater than the angle of inci- 
dence. It is considered that if the crystal face is suflflciently true so that 

Table III 


OiiiEisrTATiON Intensity 

Second order FoxirtL order Sixth order 

Right hand rotation 100 units 2L3 5.0S 

Left hand rotation . 116.6 21.8 5. OS 


this difference is not great, the mean of the intensities in the two ori- 
entations can be taken to be practically that of the correct intensity of 
reflection. It will further be noted from the data of Tables I to III that 
with both this last effect and also with the changes in intensity that re- 
sult from grinding, the intensity variations are great at small angles of 
reflection but nearly vanish in the higher orders. 

The problems of intensity measurement introduced by differences in 
the physical state of the reflecting faces are largely eliminated by stud 3 ring 
the internal reflections obtained by transmitting the X-rays through thin 
sections of the crystal. It may well be that the errors of absorption arising 
from this transmission method can be more accurately corrected than can 
specifications be laid down for obtaining significant intensity measure- 
ments from developed faces. 

There are various procedures ^ which may be followed in mapping out 
the reflection from a crystal face using the spectrometer. The one to be 
used in any particular instance will depend essentially upon the informa- 
tion which it is expected to supply. For a general survey that is intended 
to ascertain the number and approximate positions of the reflections from 
a crystal face it is convenient to bind the crystal table and ionization 
chamber together so that the latter will move at twice the angular velocity 
of the former. In this way the crystal face will always be in the correct 
position to reflect X-rays into the chamber; once the zero setting has 
been made, it is necessary only to move the ionization chamber slowly 
over the desired angular range to obtain all the reflections which the face 
can give within that region. 

When the positions of the reflections from a particular crystal face 
have been found and it is desired to study their relative intensities, the 
following course may be taken. The arm joining the crystal table and 
ionization chamber should be disconnected so that each can have an inde- 

^ W. H. and W. L. Bragg, op. cit.; W. L. Bragg, R. W. James and C. H. Bosanquet, 
bp. cit. 
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pendent movement. The chamber is then clamped at the angular posi- 
tion necessary to receive the maximum effect for the reflection tinder 
investigation. The crystal should then be rotated about its position 9 
(corresponding to the 26 of the ionization chamber) for some distance 
upon either side of the observed intensity peaJr and the intensities of 
reflection plotted against the angular position of the crystal. In making 
these measurements the exact angular position of the crystal is not of 
value and it is sufldeient simply to move the crystal slowly at a constant 
angular velocity, recording the electroscope readings at regular intervals. 
The shape of the peak of this curve wiU depend upon the perfection of the 
crystal under examination. If it is a very good one, such as the diamond 
or magnesium oxide, the peak will be sharp; on the other hand should 
the crystal be poor, the alkali halides for instance, the peak is often so 
flat that it spreads out over the better part of a degree. In all cases it is 
evident that the maximum observed intensity cannot be taken as a meas- 
ure of the intensity of a, particular reflection. Some reflected white 
radiation” and some scattered X-rays will enter the ionization c h a m ber 
at the same time as the characteristic radiation producing the reflection 
peaks. The amoimt of the extraneous ionization due to these causes can 
be obtained from measurements of the intensity of reflection on either side 
of spectnnn lines. 

It frequently happens that the effective reflecting face is not at the 
center of rotation of the crystal table. In such a case the data wiU not 
fit accurately into the equation nX = 2dhii sin 6^. This disagreement 
can be removed with the aid of the correction’- 

^ ^ e sin ft — f sin ft 

tanft-ecosft-fcosft 

where 2do is the “true” zero position of the ionization chamber and 
26i and 20^ are the chamber angles of reflections in the fth and eth 
orders respectively. 

The X-ray spectrometer has found extensive use in the study of the 
wave lengths and other properties of X-rays. For instance in such measure- 
ments of intensity as are involved in the study of the white radiation at 
different wave lengths and different voltages and with different noaterials 
as targets, or in investigations of the absorption of X-rays, spectrometric 
methods are the only ones capable of any accuracy. For these and similar 
purposes refinements of apparatus and of technique have been intro- 
duced; but they have not been taken advantage of in making any con- 
siderable number of the observations now useful for crystal analysis. 

1 C. L. Burdick and J. H. Ellis, J. Am. Chem. Soc. 39 , 2518 (1917); R. G. Dickinson, . 
ibid. 4 ^, 85 (1920). 
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Spectrometric observations can be made not only upon large crystals 
but upon ones with faces down to about one millimeter in diameter. With 
such small crystal faces the surface to be exposed to the X-ray beam must 
be defined by a shield; otherwise relative intensities in the various orders 
of reflection will be different from those obtained from a face which is 
large enough to more than cover the incident beam. 

From the preceding discussion it may be seen that if the necessary 
care is exercised in the preparation and mounting of a crystal an accurate 
determination can be made of the angles through which X-rays are re- 
flected from its faces. Unless special precautions are taken, observed 
intensities of these reflections will, however, be different under changed 
conditions of experimentation, even from the same face. As yet, enough 
accurate observations have not been made so that a standard procedure 
for obtaining thoroughly reproducible intensity observations can be laid 
down. From what is known of the experimental difficulties of getting 
satisfactory intensity measurements from crystals it is necessary to con- 
clude that practically all of the observations that now exist cannot be 
accepted as more than qualitatively correct. It has been emphasized 
(Chapter III) that the present lack of knowledge of the factors determining 
the intensity of scattering of X-rays by atoms does not permit of more 
than a qualitative use of even perfect experimental measurements in 
determining the positions of atoms within crystals. The uncertainty 
concerning the accuracy of the existing spectrometer observations com- 
bined with the theoretical limitations to their use make them the least 
reliable of aU crystal structure data. Their value is still further lessened 
by the fact to be touched upon in more detail later (page 172) that 
reflections from other faces than the one directly under observation may 
often get into the spectrometer and give rise either to incorrect intensities 
or to totally false reflections. 

These various elements tending to make uncertain the results of 
spectrometric observations can probably aU be eliminated if enough care 
and precautionary measures are taken. When further experimental and 
theoretical advances have given them a precise value it is also probable 
that intensity measurements can be made definite and reproducible. At 
that time the precision spectrometer will perhaps again become the most 
valuable means of studying the atomic arrangement in crystals. When, 
however, the somewhat elaborate precautions that are necessary to insure 
reliable spectrometric data are contrasted with the comparative ease 
with which information equally valuable for crystal analysis can be ob- 
tained by the other available methods, its practical value at the present 
moment appears greatly lessened. It is of course true that if aU the 
necessary precautions are taken data will be obtained with the spectrom- 
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eter tliat are as good as, but scarcely more useful than, the same informa- 
tion produced by the other methods of observing diffraction effects. If 
these assurances of reliability are not offered, spectrometric measurements 
from any but the simplest faces upon the simplest of crystals are worthless 
in crystal analysis. 

Spectrometric Observations with White Radiation. — A procedure has 
recently been suggested ^ which utilizes white radiation rather than 
monochromatic X-rays. For this purpose the ionization chamber is fixed 
at some angle 29 and the intensity of X-ray reflection mapped while the 
crystal is slowly rotated. As the crystal is thus turned, one after another 
of the planes in that zone which has its axis parallel to the axis of rotation 



Crystal an^le-^ 

Eig. 116. — A crystal angle-ionization curve from a crystal of potassium iodide. A 
reflection from (100) is shown at the right; the so-called x-peak of the ^'anomalous 
diffraction"^ is shown in the center (after Clark and Duane). 

will make an angle 6 with the incident beam. In this position the planes 
will be capable of reflecting some wave length of X-rays and if such waves 
are present in the white radiation a reflection will be noted. Different 
portions of the continuous radiation wiU be effective for each plane. As a 
consequence of such measurements a curve resembling that of Figure 
116 has been obtained by plotting the angular position of a crystal of KI 

^ Cr. b. Clark and W- Duane; Proc. Nat. Acad. Sci. 8^ 90 (1922). 
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against ionization. Knowing the original setting of the crystal it is pos- 
sible to identify the planes giving rise to these peaks from measurements 
of the angles between them. It has been stated (page 68) that the 
intensity of white X-radiation produced at any one voltage is cut off 
sharply on the short wave length end of its spectrum at a point determined 
by the relation 

V'e == h'c'/X (3 of Chapter II) 

The wave lengths of the rays producing the peaks of Figure 116 can be 
established with the help of this equation by setting the crystal to give 
their maximum of reflection and then steadily lowering the voltage im- 
pressed upon the tube until the ionization current suddenly vanishes. 
If any estimates of relative intensity from these data are to be used in 
crystal structure studies, this wave length determination must be made 
for each reflection peak. 

Intensity comparisons between different reflections are made more 
complicated in this method than in monochromatic spectrometry by 
the fact that they are taking place in different wave lengths. Further- 
more all of these reflections are from undeveloped faces and consequently 
‘are subject to different amounts of absorption. None of the usual limi- 
tations of sf)ectrometry are avoided by this procedure and it does not 
appear to be especially well adapted to recording the usual data for 
crystal analysis. 

Spectrometry with white radiation seems, however, to furnish the 
best way of studying the reflections characteristic of atoms in the reflecting 
crystal 1 (page 80). In ordinary spectrometry a reflection is recorded 
by moving the ionization chamber so that its angular deviation from 
the incident beam is always twice that of the reflecting crystal face. If 
this is done using the continuous radiation and a crystal composed of 
atoms none of which has a characteristic radiation within the region of 
the white rays, such a curve as that of Figure 58 will be obtained. If, on 
the other hand, one or more of the atoms of the crystal have their charac- 
teristic radiations within this range of wave lengths, then the appearance 
of these curves wiU be greatly altered. The ionization measured from 
the (010) face of cesium triiodide, both of the atoms of which have their 
K-series lines within the range of the incident white radiation, is shown in 
Figure 117. According to this curve there is a characteristic effect which 
results in greatly exaggerated reflections at wave lengths corresponding 
to those of lines in the K-radiation of cesium and of iodine. It will espe- 
cially be observed that these characteristic reflections from the different 

1 P, I.. md W. Duane, Prop. Hat. Apad. Spi. 9, 126 (1923). 
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atoms do not necessarily occur together but are to be found in separate 
orders. This suggests that the phenomena offer the chance of producing a 
selective diffraction and interference from separate kinds of atoms con- 
stituting a crystal. Such data obviously will prove of great assistance in 
the analysis of many crystals. 

The phenomena^ of anomalous diffraction^’ have been observed 
while using white X-rays in spectrometry. .It has been reported that 
when a crystal with atoms giving characteristic radiation within the 
limi ts of the white region is used, not only are reflections from different 
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Fig. 117. — The intensity curve of X-ray reflection from a (010) face of Csis showing the 
peaks characteristic of cesium and iodine atoms (after Clark and Duane). 

planes registered as they come into position one by one but one or more 
additional peaks may appear. As yet this effect has been observed only 
with crystals of potassium iodide. From their wave lengths these so- 
called x-peaks seem to be characteristic of these atoms but they cannot 
be considered as reflections from any possible crystal planes. It is not 
yet determined whether they are definite properties of perfect potassium 
iodide crystals or whether, like the hazy effects commonly found upon 
Laue photographs of this 2 and other crystals,® they probably arise from 
crystal imperfections of some sort. Certain of their properties, notably 
their gradual disappearance as the incident beam is made increasingly 
parallel (see page 147), suggest that they may be causally related to 
crystal imperfections. 

1 G. L. Clark and W. Duane, Proc. Nat. Acad. Sci. 8 , 90 (1922); 9 , 131 (1923). 

* E. W. G. Wyckoff, Am. J. Sci. d, 277 (1923). 

® E. G. Dickinson, J. Am. Chem. Soe. 4^, 958 (1923); Phys. Eev. 199 U923). 
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Spectrographic Methods 

Spectrographic methods differ from those of spectrometry in the use 
of a photographic plate rather than the ionization chamber as an indicating 
device. A small portion of an X-ray spectrum can be photographed 
simply by employing a somewhat divergent beam and putting a photo- 
graphic plate in the position of the chamber slit of a spectrometer. This 
spectrum may be badly distorted, however, if the crystal is poorly con- 
structed. Its definition will be greatly improved and at the Ramt. time a 
complete record of the reflections from ail possible planes will be obtained 
by rotating the crystal during the exposure ’ back and forth over a pre- 
scribed angular range. 

Apparcdus. A crude form of spectrograph is shown in Figure 118. 
X-rays pass through the variable lead shts Si and S 2 and strike the reflect- 
ing crystal mounted upon a rotating crystal holder at C. It is customary 



Fig. 118. — simple form of X-ray spectograph for use in crystal analysis. 

in accurate spectrographic observations for crystal analysis to make a 
photograph from the crystal under investigation and one'from a standard 
crystal (usually calcite or rock salt) on the same plate. The crystal holder 
consequently must consist of a table and a templet for mounting these 
two crystals (in wax). Such a crystal holder will be illustrated at a later 
point. Unless a very large extent of spectrum is to be examined at one 

1 M. de Broglie, Compt. rend. 157, 924 (1913), 
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time sharp enough lines will be obtained upon a photographic plate 
mounted at DD'. For extreme spectral ranges film in a hemi-cylindrical 
holder (BB') should be substituted. If X-ray film rather than plate is 
used, it may be backed with intensifying screen to cut down the requisite 
time of exposure; but estimations of relative intensities upon the resulting 
photograph do not necessarily correspond to those made upon an un- 
aided photographic emulsion. 

During the course of an e.xposure the crystal should be moved back 
and forth over its prescribed path with a constant angular velocity. This 
can be done with sufficient accuracy by the simple cam arrangement 
shown in Figure 119. A form of the cam itself is shown under the base 


ot rotation, 
of crystal 



Fig. 119. — The essential parts of a cam designed to permit the uniform rotation of a 
reflecting crystal back and forth over any desired angular range. The cam itself is 
shown in Fig. 81. 


of the instrument of Figure 81. Its dimensions for any desired angle of 
rotation <j> can be obtained as follows. Expressing the angles in radian 
measure 

X = ^Xr = (p,, - po) 

where r, the effective length of the rotation arm, and po, the smallest 
radius of the cam, may have any convenient lengths. A constant angular 
velocity of rotation of the crystal will result from a constant rotation of 
the cam if the latter is so constructed that 

PS = (Pr — Po) ^ + Po 
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where d is chosen positively and negatively from 0 to tt. For the best 
attainable results this cam should be driven by a small constant-speed 
motor; but the time of exposure for most crystals is so long that this 
speed regulation is unnecessary for all ordinary work. The motor should 
be geared down till the crystal will make one rotation in from one half 
to five minutes. It is convenient to have at least two cams for different 
angular rotations. One, which should give a rotation of 20^ or 30°, is 
useful for a general mapping of the reflections for a crystal setting. With 
this wide angular motion the crystal is in a position to produce any one 


Fig. 120, — A more accurate form of X-ray spectrograph for use in crystal analysis. 


reflection during only a small portion of its motion and consequently an 
exposure of several hours may be necessary to record a satisfactory 
spectrum. It frequently happens that a more intimate study of a small 
region of the spectrum is needed; a cam giving a rotation of 5°, or less, 
will then be required. . ’ 

A more accurate form^ of the spectrographic arrangement just described 
is shown in Figure 120. In this apparatus all parts are supported upon 
the cast metal base B. The slits are no longer adjustable but are built 


^ The instrument in essentially this form was designed by R. G. Dickinson and made 
by F. C. Henson. 
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as a series into a removable brass tube, S. The spectrograph may thus be 
equipped with several of these tubes of various slit widths. The crystal 
holder is shown at C; its templet for adjusting the crystal appears at E. 
With the aid of the attached graduated circle F, and various sizes of rota- 
tion cams, it is possible to make settings for reflections from any desired 
spectral region. The plate holder D can be made perpendicular to the 
incident X-rays with the tilting screw H and a brass T (not shown), one 
end of which is inserted for this purpose in place of the slit tube. The 



removable metal block G cuts out the directly transmitted beam of X-rays. 
Since all accurate measurements with this instrument are comparison 
observations against caleite or some other standard crystal, there is no 
need of measuring with precision the distance from the crystal to the 
photographic plate. This distance can be approximately determined with 
an auxiliary scale fastened upon the instrument. Its most convenient 
value is either five or ten centimeters, the latter being employed for 
accurate spacing measurements. Laue photographs also can be prepared 
with this same instrument by replacing the set of linear sMts by a series 
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of pin-holes and putting the section of crystal either directly over the last 
of these or in a suitable goniometric holder replacing C of Figure 120. 

For other purposes such as the study of the X-ray spectra of different 
elements, much more elaborate spectrographs than these have been 
described and used. This last one, however, in spite of its simplicity, 
furnishes data which are as accurate as any now attainable in crystal 
analysis. 

*^SUt4ess” Spectrographs, — Other types ^ of spectrographs have been 
devised which do not avail themselves of parallel, or approximately 



parallel, X-rays. Their distinguishing feature is thus the absence of any 
system of slits. If an X-ray beam (Figure 121) is incident at various angles 
upon the small portion of crystal face C exposed through the lead screens 
A and B, a spectrum of the source will be produced upon a film at D. 
The lead baffle E protects the film from direct radiation. In the usual 

iH. Seemann, Ann. d. Physik 49, 470 (1916); 51, 391 (1916); Physikal. Z. 18, 242 
(1917); m, 51 (1919). 
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type of X-ray tube the focal spot from, which the rays originate is not 
large. It is therefore necessary to move the tube, or more conveniently 
the spectrograph, if more than a small portion of the spectrum is to be 
recorded. This form of instrument offers two distinct advantages. In 


Sj 


o 

Jig. 123. — ^Another arrangement for slit-less” spectrography. 

the first place very Sjuall single crystals can be employed. Perhaps more 
important is the fact that since parallel radiation is not desired, it is not 
only possible but advantageous to bring the spectrograph very close to 
the target and thereby receive much more radiation from the tube. A 
variation of this experimental arrangement is shown in Figure 122. A 
wedge, A, of lead or other heavily absorbing material is pressed against 
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the reflecting face of the crystal C and serves both to define the position 
of reflection and to cut off direct radiation from the target. The spectrum 
lines obtained in this manner are usually wider and not so sharp as those 
from a slit spectrograph. It is, however, a property of these lines to be 
cut off abruptly on the long wave length side by the wedge and wave 
length measurements can' be made using this boundary. One of the 
difficulties of these methods lies in establishing the position of zero deflec- 
tion upon the film. A method of doing this for a somewhat different 
arrangement is shown in Figure 123. The crystal is mounted in front of 
the slit, S 2 S 3 , instead of forming a part of it. As the tube moves back and 
forth it successively comes into the positions necessary to reflect waves 
of different lengths (X, Xi, X 2 , etc.). If the crystal is stationary the reflec- 
tions of these wave lengths wliich reach the plate will come from different 
parts of the crystal face; hence a large face must be used if a considerable 
spectral range is to be recorded. If, however, the crystal itself has a 
motion from position 1 to position 3 as the target moves from bi to bs, 
the reflection point remains constant on the crystal face. In this way a 
small specimen may be employed. The zero position is sharply defined at 
O by the action of the three slits. 

These additional spectrographic methods have not yet been much 
used in crystal analysis. Nevertheless they seem to be better for some 
purposes than the ordinary spectrometric and spectrographic procedures 
and a comparative study of their values in crystal analysis should some- 
time be made. 


The Interpretation of Spectrum Photographs 

The photograph of Figure 124 is obtained by reflecting molybdenum 
K-radiation from a (100) face of a crystal of sodium chloride which is 
rotating through an angle of about 30°. The central spectrum, P, with its 
path perpendicular to the undeviated slit image is the reflection from this 
face and is called the principal spectrum. During the motion of the crystal 
other atomic planes are brought one by one into position for reflection. 
The spectra from these other planes are inclined at various angles to 
the principal one; they are called secondary spectra.'^ Under certain 
conditions even the principal spectrum ihay not be produced by a single 
face. Thus if ,a crystal is so mounted that the axis of a zone .which con- 
tains the principal reflecting face is parallel to the axis of rotation, various 
planes of this zone wiU be brought during rotation into positions to reflect 
along the line of the' principal spectrum.. 

The indices of. planes contributing -to the principal spectrum can be 
immediately deduced if the orientation of the crystal is known. 

^ See for instance H. Seemann, Physikal. Z. BO, 169 (1919). 
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tracing the paths described by different planes during the crystal rotation 
the secondary spectral reflections can be identified. This is done ^ with 
sufficient accuracy by using the gnomonic rotation net in the following 
manner. Since the crystal orientation is completely known it is possible 
to plot in the usual fashion the gnomonic projections of all atomic planes 
at any one point of the rotation (conveniently chosen at one end or the 
middle of the path of the crystal) .2 As the crystal moves back and forth 



Fig. 124. — ^The K-lines of molybdenum reflected from a crystal of rock-salt (NaCl) 
set with a four-fold axis parallel to the axis of rotation and with the (100) face giving 
the principal spectrum. 

the projections of these planes will travel over hyperbolic paths which 
can be marked out by a rotation with the net. For this rotation the net 
will be so placed that the projection of the plane producing the principal 
spectrum travels along the line PC" of Figures 102 and 103. The gnomonic 
projections of planes in the positions for reflection are prepared by pro- 
jecting some aspect of their spectra (the K-a line is convenient) with 
the gnomonic ruler. The procedure to be followed does not differ from 

^R. W. G. Wyckoff, Am. J. Sci. 4) 193 (1922). Detailed analytical treatments of 
these secondary spectra, usually under the name of “fibre diagrams'^ (see page 406) 
have been given in numerous papers by M. Polanyi, H. Mark, K. Weissenberg and 
others. Other methods have been discussed by E. Schiebold, Zeit. f. Physik 9j 180 
(1922) and by N. Uspenski and S. Konobejewski, Zeit. f. Physik 16^ 215 (1923). 

® The necessary procedure has been described on page 134. 
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that described for Laue photgraphs. The projection of a reflecting plane 
made in this way must lie upon one of the hyperbolic paths already traced. 
The corz’eptness of the resulting index assignment should be checked by a 
direct application of the customary equation 

nX = 2di^ sin 6^ 

The essentials of this analysis will be clear from the following treat- 
ment of a very simple photograph of sodium chloride (Figure 124). For 
its preparation the crystal was mounted so that the axis of rotation was 
parallel to a four-fold symmetry axis and it turned back and forth through 
30° starting from a position of parallelism between the X-ray beam and a 
cube face (Figure 125). The index field for this initial position is the 
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Fig. 125. — During the preparation of the spectrum of Fig. 124 the crystal had the 
motion indicated by C of this figure. 


symmetrical one of Figure 104. As the crystal is rotated projections of 
some of the simpler atomic planes travel over the paths illustrated in 
Figure 126. The gnomonic projections of the reflections in the photo- 
graph, as obtained with the gnomonic ruler, are shown by black dots. 
The identification of the reflecting planes by determining upon which 
hyperbolas their projections lie is tested by the application of the equation 


nX 


2ao 

Vh2 + k2 + F 


sin dn 


(16a of Chap- 
ter III) 


to measurements upon the photographic plate (Table IV). 

This same process will identify the secondary spectra upon photo- 
graphs more rich in spectra and less symmetrical. In many such cases 
this analysis is a lengthy task. In fact it is usually more economical of 
time to determine as few secondary reflections as possible: data from 
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6 1.89 no 1.434 2.01 

Note: The systematic error in these measurements which makes the quantities in column (7) always greater than whole numbers 
arises from the fact that the crystal-to-plate distance was not exactly five centimeters. 
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complicated planes are then more easily deduced from ordinary Laue 
photographs. 

If a thin section is prepared from a crystal composed of not too heavy 
(intensely absorbing) atoms, an excellent spectrum photograph can be 



Fig. 126. — The gnomonic projection of the spectram of Fig. 124 as used for the identi- 
fication of its secondary spectra. The black circles are the gnomomc proj^tions of 
the observed reflections of the Yra lines (of Mo). The paths, during the 30 rota- 
tion, of the projections of the planes which prove to be reflecting these rays are 
shown by the dot-and-dash lines. The projections of the paths of a few other planes 
(marked by open circles) are given by the dotted lines. A tracing of Fig. 124 ap- 
pears in the center. 


obtained by transmitting the X-rays through the section (as in Laue 
photography). With this experimental arrangement, the planes. producing 
the various secondary spectra are more easily identified ^ by superimposing 

IB. Sehiebold in F. Rinne, Einfuhiung in die Kristallographische Bormenlehre, 
u. s. w. n. 199(1919). 
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directly upon the reflection spectrum a Laue photograph (Figure 127). 
This Laue photograph may be taken with the crystal occupying any 
position within the angular rotation range of the reflection spectrum; it 
is not convenient, however, to make it too unsymmetrical. If this dual 
exposure is made the Laue photograph should be rapidly ^analyzed in the 
usual fashion and the reflection planes directly identified from it. Such a 
photograph is readily prepared with the apparatus of Figure 120. After 
the spectrum has been made it is only necessary to replace the line slits 



Fig. 127. — The superimposed Laue and spectrum photograph of rock salt (copied from 

F. feinne). 

withi a tube of pin-holes and continue the exposure, now without rotation, 
for several minutes. 

Extraneous'' Beflections. — With (1) a less simple principal reflecting 
plane, (2) less symmetrical orientation of the crystal for this plane, (3) more 
complicated crystal structure or (4) lower symmetry, the reflection photo- 
graph will be much more complicated than that of Figure 126. For 
instance the photograph from a (110) face of potassium aluminum ^ 
alum shows a large number of secondary spectra (Figure 128). This 
number will be even greater if the crystal is rotated (through an axis 
perpendicular to the principal reflecting face) so that the axis of rotation 


1 n, W. G. WyckojQf, Am. J. Soi. 209 (1923); Zeitsch. f. Kryst. ST, 595 (1923). 
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is no longer parallel to a 4-fold S 3 nnametry axis. Such photographs illustrate 
one of the serious difficulties -which may be encountered in the simple 
spectrometric examination of X-ray reflections: secondary spectra en- 
croach upon the region of primary reflection. In spectrometric observa- 
tions upon the principal spectrum the ionization chamber is moving at 
twice the angular velocity of the cr^’^stal and most of these reflections will 



Fig. 128. — photograph of the spectrum obtained by using the (110) face of potassium 
aluminum alum as the principal reflecting face for molybdenum K-radiation. The 
absence of observable odd order reflection from this plane is evident. 

not of course be in correct positions ever to enter the chamber. This is 
not true, however, of all planes producing secondary spectra and as a 
consequence reflections from such planes may enter the ionization chamber 
and give rise either to false readings of intensity or to entirely new, and 
spurious, orders of reflection. That this has actually happened in the 
case of the (110) reflections from potassium alumin-um alum seems certain 
when the photograph of Figure 128 is considered in connection with 
spectrometric observations ^ of Table V. 


1 L. Vegard u. H. Schjelderup, Ann. d. Physik 31 ^ 146 (1917). 
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Table V 

Spectronietric Data upon, the (llO) Face of PotassiuM Alufflinuin Alum. 

Intensity in the nth order of reflection 

n=l 2 3 4 6 6 7 8 

9 100 38 30 0 41 0 20 

It is clear that there is no photographic record of a third order reflection 
which the spectrometer readings indicate as more intense than the easily 
discernible fourth order. This source of error in the use of the spectro- 
meter probably can be eliminated by making second observations of 
intensity after the crystal has been rotated several degrees about an axis 
normal to the reflecting face. All reflections which are not co^on to 
the two sets of measurements should then be discarded as spurious. If 
the relative intensity of reflection is changed by this rotation, the true 
intensity should be the minimum value measured after each of several 
such rotations. It is perhaps safer to determine the purity of the spectrum 
to be examined by a preliminary photograph. This can be done by plac- 
ing a photographic plate directly in front of the slit of the ionization 
chamber. 

Accurate Spacing Meamremenis for Crystal Analysis. — The exact 
dimensions of the unit cell of a crystal are most satisfactorily determined 
from spectrographic observations. For this reason the accurate measure- 
ment of interplanar spacings from the principal spectrum is of great impor- 
tance in crystal analysis. The major sources of inaccuracy in data from 
reflection spectrum photographs of the type that have been described 
reside in uncertainties concerning (1) the distance from photographic 
plate to crystal face and (2) the zero from which the positions of spectrum 
line s upon the plate are to be measured. The first of these may be largely 
eliminated by calculating the crystal-to-plate distance from a standard 
comparison spectrum;^ by measuring the separations of known lines upon 
the standard it is possible ^ to determine the zero position from this same 
spectrum. Figure 129 is a diagrammatic cross-section through the spectro- 
graph used in preparing a comparison spectrum. The line AB is the trace 
of the photographic plate; C is the trace of the principal reflecting faces of 
the two crystals. The points a", b", c" . . . i" are spectrum lines from 
the standard crystal and 0 is the correct position of zero deviation. The 
point O' is any arbitrarily chosen zero point of reference: thus it is the 
zero of the comparator (or ruler) with which the positions of the spectrum 
lines are read. Since the standard spectrum is well known and its con- 


iR. W. G. Wyckofif, J. Am. Chem. Soc. 4 ^, 1100 (1920). 

* R. W. G. Wyckoff and BL. E. Merwin, unpublished data. 
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stants assumed to be correct, the angles of deviation (20) for all reflec- 
tions are exactly determined. From this information the distance from 
crystal to plate, r, can be calculated from the data for two reflections 
and b^' by writing 

tan — tan 2^^' 

Measurements upon different pairs of lines will yield several determina- 
tions of r; from these an average value. may be chosen as the distance 
from the crystal to the photographic plate. Each of these distances Oa"', 
Ob" . . . etc., calculated through this average r, leads in turn (through 



the relation Off" — Of" = OOO to a determination of the undeviated 
zero position. Once the crystal-to-plate distance and the zero position 
are known from the standard spectrum, their application to the measure- 
ments upon the unknown spectrum will lead directly to the spacing 
of the unknown crystal through the equation nX = 2 d^ki sin^n and the 
known values of wave lengths. 

This method of calculation is illustrated by some data (Tables VI and 
VII) drawn from a comparison reflection photograph in which the (100) 
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Table VI. Data from a (100) Rbflectioit prom Calcite as Used as Standard in 
A Comparison Photograph with Iron Dolomite (see Figure 129). 


Line 

K-line 


(Figure 129) 

of Mo 

O'f" 

a'' 

a (4) 

131.8 mm 

V' 

0ii) 

125.3 


a (2) 

104.9 

d" 

0(2) 

102.2 

Line 

/tan 2 da."-\ 

O'a" - O'i 

(Figure 129) 

\tan 2 8i" ) 


0.27274 

26.9 mm. 

c" 

d" 

0.30036 

29.6 

d" 

— 

— 



Of" 


tan 2 

(from aver, r) (zero position) 

0.51220 

50.48 mm. 

81.32 mm. 

.44637 

43.99 

81.31 

.23946 

23.60 

81.30 

,21184 

20.88 

81.32 

/tan 2 Bb" \ 

Vtan 2 Qi*' } 

0 
cr 

1 

O 

r 



— 

98.63 mm. 

0.20691 

20.4 mm. 

98.55 



— 

98.59 

0.23453 

23.1 

98.50 


average = 98.56 mm. 


Table VII. Data from a (100) Reflection from a Crystal of Iron Dolomite; 
THE Photograph Standardized by the Data of Table VL 


K-line 
of Mo 
«( 6 ) 
«( 4 ) 
/5(4) 
«( 2 ) 
^( 2 ) 


O'f" 

Of" 

tan 2^f' 

159.1 mm. 

77.79 mm. 

0.78926 

134.6 

53.29 

.54068 

127.9 

46.59 

.47271 

106.1 

24.79 

.25152 

103.2 

21.S9 

.22210 


X 

d /n, 
100/ 



d /n 
100/ 

0.710A‘* 

0.962A 


3 

= 2.886A^ 

.710 

1.447 

X 

2 

= 2.894 

.631 

1.441 

X 

2 

= 2.882 

.710 

2.889 



= 2.889 

.631 

2.894 



= 2.894 


average = 2.889A'’ 


faces of calcite and an iron-bearing dolomite ^ produce the principal 
spectra. 

Spectrometric and spectrograpbic data, in recording reflections from- 
individual cry>stal faces, furnish information that is invaluable in crystal 
analysis. The spectrometer observations are potentially the more valuable 
because they offer the possibility of direct measurements of intensity 
relationships. It has been shown, however, that not only will it be a 
difficult matter to measure these intensities with certainty and accuracy 
but that they would not now be of great use in locating the atoms in 
crystals were they available. Measurements of position and approximate 
estimates of intensity are made much more rapidly and certainly by the 
photographic procedures than by ionization chamber methods. As a 
consequence spectrograpbic procedures are the more widely useful at 
the present stage of the development of crystal analysis. 

iR. W. G. WyckofE and H. B. Merwin, unpublished data. 
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Spectrum Measurements at Other than Room Temperatures. Spec- 
trometer observations i upon several crystals have been made at temperar 
tures up to about 900°C. The furnace used for this purpose, a nichrome- 
wound alundum tube, has been described in detail. No spectrographic 
work has been carried out at elevated temperatures. 

II. Backhurst, Proe. Roy. Soo. A. 10^, 340 (1922). See also W. H. Bragg, Phil. 
Mag. S7, 881 (1914). 



Chapter VI. Powder Spectrometry and 
Spectroscopy 

A diffraction pattern is obtained when a thin film of crystalline powder 
is substituted for the single crystal of an X-ray spectrograph. If the 
individual crystals of this powder are haphazardly oriented so that they 
make all possible angles with the incoming X-ray beam, all orders of 
reflection from all possible atomic planes, above a certain minimum 
spacing, have the chance to register themselves at one time. The spectrum 
lines which result from these reflections of monochromatic X-rays consti- 
tute a powder photograph (Figure 130). The principle underlying the 



Fig. 130 . — A powder photograph of calcite (CaCOs). During exposure the film was 
bent around the arc ABD of Fig. 131, The position, B, of zero deflection is at the 
center of the photograph. 

production of these photographs was brought forward as an early explana- 
tion of some Laue patterns from solid paraffin. ^ They became important, 
however, only when characteristic X-radiation was later used.^ 

If the powder is finely ground (to less than about 250 mesh) and its 
crystals have a completely unordered arrangement then a series of sharp 
diffraction images is obtained without rotation of the specimen. Such a 
powder pattern can be greatly simplified^ by filtering the X-rays to 
render them essentially monochromatic (page 81). Any one line is com- 
posed of reflections from only a few particles of the powder; consequently 
more energy is required to produce one of these photographs than to 
record other X-ray diffraction phenomena. The outstanding advantage 
□f powder diffraction methods obviously lies in their ability to treat the 
many crystalline materials which do not grow large single crystals. 

^ W. Friedrich, Fhysikal. Z. 317 (1913). 

2P. Debye and P. Scherrer, Physikal. Z. 17, 277 (1916): A* W. Hull, Phys. Hey, 

V, 661 (1917). ,7 

I A- W* Hull, op. cit, 
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The Preparation of Powder Photographs 

Apparatus. — Numerous types of spectrographs have been devised for 
making powder photographs. Their essential details are shown in Figure 
131. The X-ra;^s from the target pass through the slits Si-Ss and, striking 
the crystalline powder placed at C, are diffracted and recorded upon a 
photographic film mounted along ABD. The powder may be most con- 
venientty mounted, either as a rod or a thin film, at C, on the axis of the 


A 



Fig. 131 . — The essential parts of a powder spectrograph. 


cylindrical surface ABD. The slit system consists of a series of either pin- 
hole or line slits. With the former the diffraction pattern is a series of 
curved bands. The straight and parallel lines (the ends may be curved) 
resulting from the use of linear slits are more favorable to accurate measure- 
ments (Figure 130). The width of the slits will depend upon the degree 
of definition that is desired in the photographs. It is essential to have a 
third slit (S3) to cut off the rays diffracted by the second slit; otherwise a 
diffraction pattern of the metal of this slit will be superimposed upon the 
lines of the crystalline powder. 

A photograph of a powder spectrograph of the type ^ just described 
is shown in Figure 132. The slit system is contained within the draw 
tube S, the sample being placed directly over the inmost slit. The two 
outer slits are six centimeters apari), of variable width and are made from 
millimeter sheet gold. The third slit, S 3 , set three centimeters beMnd the 
second gold slit, is made of one-eighth inch brass heavily plated with gold 
and tapered on the inside to the edges of the slit-opening (which for ordinary 


1 A somewhat similar instrument has been described by A. W. Hull, 

1 7, 571 (1921) . The spectrograph of this figure was developed largely tnrougn me enorts 
of E. W- Posniak and C. J. Ksanda. 



180 


THE STRUCTURE OF CRYSTALS 


measurements may have a width of two and one half millimeters) . The 
body of the spectrograph and the cover (F) are copper castings, the front 
is a brass plate faced on the outside with sheet lead. The back, milled 
to form a hemicyhndrical surface with its axis passing through the crystal 
position, may have an intensifying screen fastened permanently to it. 
The use of this screen is optional. It undoubtedly shortens somewhat the 
necessary times of exposure but its effectiveness at low intensities is not 
great and through too great an intensification of the strong lines, the 
pattern will be faultily recorded. In making an exposure the sensitive 
duplitized film is put into direct contact with the screen, if one is used, 
and covered on the inside with a sheet of black paper to exclude any 


i 

j 


) 


) 


j 

1 

! 


Fig. 132. — A photograph of a powder spectrograph. 



small light leaks. The film is held in place by the two sliding clips a and d. 
The inverted sliding V (E of Figure 132), open at the two ends and faced 
on the sides with thin lead, serves the double purpose of helping to hold 
the film in place and of protecting the film from the X-rays scattered 
when the directly transmitted beam strikes the film. The filtering screen 
(of zirconium, in the form of the dioxide, if molybdenum K-radiation is 
employed) may be placed either in front of the slit system S, or directly 
in front of the photographic film ^ or partly in one place and partly in the 
other. If only a small piece of screen is available it must be placed over 
the first slit. The best photographs are to be obtained, however, by using 
it just before the film, for in this position it not only absorbs practically 
all of the reflected radiation except the K-alpha lines but also most of the 
secondary radiations emitted by the crystalline powder. This secondary 

^A. W. Hull, Pkys. Hev. 17 571 (1921), 
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radiation is very pronounced for crystals containing elements a little 
lighter than the target element; for instance there will be a large amount 
of scattered rays from crystals containing elements immediately lighter 
than zirconium, if molybdenum radiation is used. This radiation shows 
itself mainly as a general fogging of the film; for lighter elements near the 
target material this blackening may be so intense as completely to obliterate 
the true diffraction pattern. The only reason for not always placing the 
filter next to the film arises from the diflficulty of making large enough 
pieces which will be uniform over their entire length. In many cases, 
5specially where faint lines are sought or where there is a large amount 
of secondary radiation and satisfactory filters are not available, it is 
profitable to use two films instead of one. The instrument may be directed 
towards the target with the aid of a small opening (B) ; it is best placed 
30 that the beam of X-rays used makes a small angle with the face of the 
target. It has been customary to make the radius of this sort of spectro- 
graph either about 10 or about 20 centimeters. The one just described is 
of the smaller size. The strip of film required for it is 13.5 inches long and 
2.5 inches wide. Good photographs of crystals of high symmetry can be 
produced with the powder either contained in a fine thin-walled glass tube 
or spread out into a film upon paper or with collodion as a binder. In 
dealing with strongly absorbing materials it has often been the practice 
to dilute the unknown powder with flour i or some other light material. 
Where these extraneous substances are non-crystalline, their general 
scattering is enough to obscure faint diffraction lines; those like flour 
which are crystalline themselves produce many faint reflections that may 
interfere with the ones due to the unknown powder. For these reasons 
the only thoroughly satisfactory sample would be a compressed rod of 
powder; for strongly absorbing materials these rods must be so fine, 
however, that their preparation is difficult. Another procedure which 
may be useful consists in coating a silk fiber with powder held together 
by a small quantity of binder.^ 

Spectrographs of the type just described are convenient and accurate 
to use if the number of exposiues to be made simultaneously and with the 
same tube does not exceed two or three. When many powder photo- 
graphs are desired, as in any routine check and analytical uses to which 
the method might be put, this set-up would prove totally inadequate. 
An apparatus primarily fitted for such purposes has been described.^ 
With it as many as 15 photographs can be made at one time. A repro- 
duction of a photograph of the complete outfit is shown in Figure 133. 


1 W. P. Davey, Gen. Elect. Eev. 25, 566 (1922); J. Opt. Soc. Am. 6, 479 (1921), 
2 H. Kiistner, Physikal. Z. 2S, 257 (1922). 

» W. P. Davey, op. cit. 
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The essential parts of the spectrographs are arranged as in the preceding 
instrument. The X-ray tube stands vertical within the metal cylinder (A) 
into which the 15 slit systems are permanently built. The first two slits, 
one of glass and the other of brass, serve to limit the X-ray beam; the 
second brass slit is a wide one designed to cut off rays scattered by the 
second defining slit. The holder for specimen and film is of the quadrant, 
as opposed to the hemi-cylindrical, type. It opens in the back for the 



Fig. 133. — A multiple spectographic outfit (after Davey). 

insertion of the film which is behind the filter and is followed by a strip 
of intensifying screen and a brass strip to hold them in place. The un- 
deviated beam passes through varying thicknesses of copper so that some 
portion of the zero line will always have an intensity comparable with 
that of the diffraction lines of the resulting photograph. A series of molyb- 
denum steps place on the end of each film a scale for approximate intensity* 
comparisons. These film holders are also divided so that comparison 
photographs can be obtained by filling half the length of a specimen tube 
with one substance and the rest with another. 

Powder photographs could of course be obtained with such a spectro- 
graph as the one described for use with single crystals (Figures 118 and 
120). This instrument, however, would not prove of advantage for the 
preparation of powder photographs except those of substances, such as 
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pieces of metal, which could not be used as powders. In these cases it is 
possible to obtain a photograph, if reflections from very large angles are 
not needed, by mounting the face to be examined as if it were the face of 
a single crystal and rotating the crystal holder through a small angle during 
the e'xposure. 

Powder reflections have also been observed with the ionization chamber 
by putting a sheet of powder in the position of the crystal fane in the X-ray 



Top 


Fig. 134. — The details of a small holocylindrical powder spectrograph (after Pauli) 

spectrometer,! As yet this procedure has not been used for the complete 
elucidation of any structures. 

A small cylindrical spectrograph 2 similar to the apparatus originally 
used in preparing powder photographs * is shown in Figure 134. This 
form of instrument is usually employed with a metal X-ray tube;^ in 

! W. H. Bragg, Proc. Phys. Soc. London 83 , 222 (1921). 

^ 0. Pauli, Zeitsch. f. Kryst. 56 ^ 591 (1921-22). 

® P. Debye and P. Scherrer, op. cit. 

* B. von Traubenberg, Physikal. Z. 18 . 241 (1917); A. Hadding, Zeitsch. f . Physik 3 , 
369 (1920). 
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this way the diffracting powder can be brought so close to the source of 
X-rays that exposures of less than two hours are sufficient. For many 
purposes such a short exposure is of great advantage in spite of the diffi- 
culties accompanying measurements intended to be as accurate as those 
possible with the larger instruments. The pin-hole slit system in the form 
of a lead-lined brass tube (g) can be screwed directly into the side of the 
X-ray tube. The spectrograph proper consists of two concentric cylinders. 
The outer one (b) of brass is attached to a brass base fs). The inner 
cylinder has its sides cut away to furnish windows through which the 
reflected beams may pass. In this form it consists essentially of an upper 
and lower ring of metal joined only in the region of the entrance tube (t) 
and the exit tube (r). The windows are completely covered with black 
paper. A cover (o) contains a collar (p) for the rod (q) into which the 
tube of powder (e) is mounted. The photographic film punched with 
suitable holes for the entrance and exit tubes is placed between these two 



coaxial cylinders which then may be fastened together by the screws f and 
fi and the tubes (t) and (r). This wrapping the film entirely around the 
inside of the cylinder permits the registration of reflections at great 
angles — if they have sufficient intensity. After the specimen (e) has been 
mounted in the axis of this spectrograph, the latter is set for the exposure 
by inserting the slit (g) into the tube ft). 

In Figure 135 the angles OAL = OBL = OCL =, etc. They are all 
supplements of the glancing angles of reflections from crystals located 
at the points A, B, C, etc. Consequently if 0 were the source of a diver- 
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gent beam, X-rays of a wave length X would be focused upon some point L 
by reflection from appropriately oriented crystals lying upon the circum- 
ference of the circle OAB. Thus it happens that a powder photograph 
could be prepared by having a powder strewn over a portion of this circular 
arc.i The cross-section of a spectrograph 2 built upon this principle is 
shown in Figure 136. Reflections from the different atomic planes in the 
crystalline powder spread upon the inside surface of AC register them- 
selves upon the photographic film wrapped around the inside of the cylinder 



Fig. 136. — A cross-section through a focusing” powder spectrograph. 

ABD. A fine-focus tube gives a point source (0) of X-rays. The focal 
spot of the target of this tube must lie on the circumference of ABD if 
sharp diffraction fines are to be obtained. This arrangement brings the 
source of X-rays very close to the diffracting powder and thereby offers 
the chance of producing photographs with very short exposure times. 

The different slit-less” methods of X-ray spectrography described 
in the preceding chapter can also be adapted to the preparation of powder 
photographs. It is, however, a serious objection to their use for determin- 
ing the structures of crystals that the intensities of the diffraction fines 
cannot be taken as proportional to the intensities of reflections from the 
corresponding crystal planes. A more extended description of these pro- 
cedures is not justified because thus far they have found little application 
to powder photography. Shorter times of exposure seem to be possible 
from their use and thus they may prove valuable in technical practice and 

1 H. Seemann, Ann. d. Physik 59, 455 (1919); H. Bohlin, ibid. 61, 421 (1920), 

* H. Bohliu, op. cit. 



186 


THE STRUCTURE OF CRYSTALS 


in high and low temperature observations, where exposures of a few 
minutes will be either imperative or of great usefulness. 

It is probable that an impartial experimental comparison of all of 
these ways of producing powder photographs would result in apparatus 
and technique superior to those now existing. 

Powder Spectrograph^/ at Other than Room Temperatures. — On seweral 
occasions powder photographs have been made at elevated temperatures. 
When the crystalline specimen is metal which can be naade into fine wire/ 
it can be heated electrically. Accurate temperature control has not been 
attempted with crystalline salts. The experimental arrangement used in 
the few rough observations upon crystalline salts has not been described.* 
A few observations * have been made at low temperatures by blowing a 
stream * of air, evaporated from liquid air, over the powder specimen. 
The temperature was regulated with an auxiliary electric heater. 


The Interpretation of Powder Photographs 


It has been said that in the haphazard distribution of small crystals 
which constitutes a powder specimen, some crystals will be in position to 
reflect X-rays of a given wave length from all atomic planes having a 
spacing greater than a certain minimum value (see below). 

If for the present certain minor corrections required for the greatest 
accuracy are neglected, the distance on the photograph from a reflection 
line to the central undeviated image divided by the distance from the 
powder to the photographic film gives 2e, twice the reflection angle of the 
X-ray beam. If the powder reflection is recorded upon a plate this quo- 
tient would be tan 29. Since the wave length X of the rays producing the 
powder reflection is known and sin 6 can be calculated from this determina- 
tion of 219, the ratio of the spacing of the planes producing each powder 
fine to the order n of reflection, dhu/n, is given by the following rearrange- 
ment of the equation nX = 2 dijj sin ^n: 


diiij _ X 
n 2 sin 6u 


(24) 


Since sin 6 has a maximum value of unity it is obvious from this equation 

that no reflection is possible from planes for which d]ifci/n<^. 

The problem of determining the indices (hkl) from the spacings that 
are calculated with expression (24) varies in complexity with the sym- 

' A. Westgren, Zeitsch. physifcal. Chem. sJ, 181 (1921). 

* G. Bartlett and I. Langmuir, J. Am. Chem. Soe. 49, 84 (1921). 

» L, W. McKeehan, Proo. Nat. Acad. Sci. 8, 254 (1922). 

* P. P. Cioffi and L. S. Taylor, J. Opt. Soc. Am. 6, 906 (1922). 
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metry of the crystalline powder and with the amount of information 
available from sources other than the powder photographs. Several 
cases requiring different treatments present themselves. 

When hoik the Symmetry and the Size of the Unit Cell are Known. — 
The simplest case arises when both a spectral reflection from a single 
crystal face and knowledge of the crystallographic properties of the 
material are available. With these facts at hand the length of side, ao, of 
a possible unit cell can be deduced and the spacings of all other planes 
calculated with the tippropriate form of equation (15) of Chapter III: 

, 

“ V¥m; abc; a/5T) * • * • 

By comparing these spacings with the ones measured on the powder 
photograph [using (24)], the planes giving rise to each of the observed 
reflections can be identified. This procedure will be illustrated by assign- 
ing indices to the strong lines in the powder photograph of cubic magne- 
sium oxide. The molybdenum K-alpha line with an effective wave length 
of 0.710A° was used in making this photograph (Figure 137 a and &). A 



Distance 

Pig, 137a. — powder photograph of magnesium oxide (MgO) taken with the spectro- 
graph of Fig. 132. 

Fig. 1376. — A tracing of the powder photograph of MgO reproduced in Fig. 137a. 
The lengths of the traced lines are proportional to their intensities in the original 
photograph. The appended numbers are those of column (1) of Table II. 


reflection photograph from the cube face of a single crystal of magnesium 
oxide, reduced in the manner described for iron dolomite (page 175), 
yields dioo/n == 2.10A®. The length of its unit cube, ao, must be some 
integral multiple of this ratio, that is, 2.10A°, or 4.20A°, or 6.30A°, etc., 
depending upon the value of n. Assuming in turn each of these dimensions, 
the spacings of other simple planes can be found from the equation 

ao .... (15a of Chap- 

^ vw+w+^ m*) 
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The resulting absolute spaeings of various planes, if n = 1, 2, 3 and 4, 
are shown in Table I. The distance from the crystal to the film in the 

Table I. Spacings op Eeflecting Planes fob MgO foe Vabious Values op n if 
THE Cube Pace Reflection, dioo/n, = 2.10A° 


Ii^iDicmsloF Plane 

n = 1 

n = 2 

11-3 

11—4 

100(1) 

100(2) 

2.100 A ® 

1.050 

4.200 A ® 

2.100 

6.30 A ^ 

3.15 

8.40 A *’ 

4.20 

100(3) 

.700 

1.400 

2.10*» 

2.80 

100(4) 

.525 

1.050 

1.57 

2.10 

100(5) 

.420 

.840 

1.26 

1.68 

100(6) 

.350 

.700 

1.05 

1.40 

110(1) 

1.480 

2.960 

4.44 

5.92 

110(2) 

.741 

1.480 

2.22 

2.96 

110(3) 

.494 

.988 

1.48 

1.98 

110(4) 

.370 

.741 

1.11 

1.48 

111(1) 

1.210 

2.420 

3.64 

4.85 

111(2) 

.606 

1.210 

1.82 

2.42 

111(3) 

.404 ' 

.808 

1.21 

1.62 

111(4) 

.303 

.606 

.91 

1.21 

112(1) j 

.857 

1.710 

2.57 

3.43 

112(2) 

.428 

.857 

1.28 

1.71 

113(1) . 

.632 

1.260 

^1.90 

2.53 

113(2) 

.316 

.632 

" .95 

1.26 

120(1) 

;937 

1.870 

2.81 

3.75 

ia)(2) 

.468 

.937 

1.40 

1.87 

130(1) 

.664 

1.330 

1.99 

2.65 

130(2) 

.332 

.664 

.99 

1.33 

133(1) 

.481 

.962 

1.44 

1.92 


spectrograph used in preparing this photograph was 10.81 cm.j the 
measured distances between corresponding lines on either side of the 
position pf zero deflection are given in col umn (3) of Table II. The angle 
2g, in m^ure the ratio of one half the distances of column (3) 

into the Crysii^ifilm distance, is stated in column (4) . Absolute spaeings 
calculated fr(m these data through expression (24) give column (5). A 
comparison of these spaeings with those of Table I shows a fit between 
calculated and observed spaeings if n is either two or four.i Crystal- 
lographically possible unit cubes which are in agreement with these powder 
results then have lengths of edge of 4.20A° and 8.40A°. The indices of 
the planes producing these reflections are the same for both unit cells; 
the orders of individual reflections referred to the larger unit are twice 
those of the rejections expressed in terms of the smaller cell. 

1 la this instance tSlnes of a = 1 aad a = 3 could equally well have been eliminated 
by calculations of the icuass associated with the corresponding unit cells (see page 202). 
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Table II. Data from a Powder Photograph of MgO. Crystal-to-Film Distance 

= 10.81 cm.; X = 0.710 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Line 

(Fig. 1376) 

Intensity 

Distance Between 

CoRBESPONDING LiNES 

26 

dhH/n 

g II 

2 

10 

7.34 cm. 

19°28' 

2.10A° 

100(2) 

6 

3 

14.92 

39^32^ 

1.05 

100(4) 

11 

1 

23.05 

er 6' 

0.698 

100(6) 

3 

9 

10.47 

27^43' 

1.48 

110(2) 

10 


21.60 

57T4' 

0.741 

110(4) 

1 

2 

6.34 

16'^4S' 

2.43 

111(1) 

5 

5 

12.88 

34° 8' 

1.21 

111(2) 

9 

5 

18.50 

49° 2' 

0.856 

112(2) 

4 

2 

12,28 

32°32' 

1.27 

113(1) 

13 

i 

25.75 

68° 14' 

0.633 

113(2) 

8 

6 

16.80 

44°32' 

0.937 

120(2) 

12 

1 

24.48 

64°52' 

0.652 

130(2) 

7 

1 

2 

16.38 

43°24' 

0.950 

133(1) 


For cubic crystals the unit cells that are crystallographically possible 
can differ from one another only in the lengths of their edges. In crystals 
of lower symmetry the crystallographically possible units will have different 
shapes and may have different orientations. This will complicate a process 
of index assignment to powder lines which, however, is in principle the 
same as that just outlined for magnesium oxide. It should be emphasized 
that the unit cell, and its corresponding set of coordinate axes,- thus used 
to give indices to reflecting planes, is only one of a number of possible 
units; referred to other units of different shapes, the indices of a reflecting 
plane will usually be different. 

When only the Symmetry is Known. — A shghtly modified procedure 
may be used if the syimnetry properties of the powder are well known, 
but no single crystal is at hand to furnish a reflection measurement. This 
way of identif 3 dng powder lines wiU be illustrated with the powder measure- 
ments on magnesium oxide just recorded. Equation (16a) of Chapter III 
gives on rearrangement: 

^ = (h® + + P)rL2 .... (25). 

The right hand side is always integral; all but sin^ B on the left is a 
constant for this photograph. Consequently the ratio of sin^ 6 for any 
two reflections will equal the ratio of two integers which, at least for the 
most conspicuous hues, probably will not be large numbers. From values 
of (h^ -f + F) for various possible planes and from several of these 
ratios of squared sines of the reflection angles, the correct indices of the 
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planes producing the powder lines can be assigned after a short set of 
trials. Thus the sine-squares for the first five lines in the powder spectrum 
of magnesium oxide stand in the ratio of sin^ sin^ ^2 • etc. = 0.02134: 

Table III. Values op (tf 4- 4- P)n^ for Some Simple Planes in a Cubic 


Ini>ices 

Crystal 

dhkl/ao 

(h2 4- k^ 4- P)n2 

100(1) 

1.000 

1 

110(1) 

.706 

2 

111(1).^ 

.577 

3 

100(2>^ 

.500 

4 

120(1) ‘ 

.446 

5 

112(1) 

.408 

6 

110(2)s^ 

.353 

8 

100(3) 

.333 

9 

130(1) 

.316 

10 

113(1K 

.301 

11 

111(2> 

.288 

12 


0.02857 : 0.05734 : 0.07846 : 0.08613 = 3 : 4 : 8 : 11 : 12 (very closely). 
Reference to Table III indicates that these five lines are reflections from 
planes having the indices 111 (n = 1), 100(n = 2),‘110Cn = 2), 113(n = 1) 
and lll(n = 2). The correctness of this assignment is checked and the 
indices of the other reflections determined by calculating (h^ 4~ 4-*R)n^ 

for each observed reflection. The indices of reflections from crystals of 
less than cubic symmetry can be found in the same manner by using in 
place of (25) the suitable form of equation (16) of Chapter III. In these 
cases, however, the right hand term will no longer be integral. If the 
crystal system is cubic, hexagonal or tetragonal it frequently happens 
that the indices of reflecting planes can be ascertained more quickly with 
the aid of graphical charts ^ such as those shown in Figures 138 a and 6 
and 139. These plots give the relative spacings of some simple planes for 
unit hexagonal and tetragonal cells having all possible axial ratios within 
their range. The spacings of planes in a cubic crystal will be found along 
the line c == 1 in the tetragonal chart. With this plot the indices of the 
magnesium oxide reflections of Figure 137 can be obtained in the following 
manner. The spacings, in Angstrom units, of these reflections as calculated 
from the direct measurements upon the powder photograph are plotted 
upon the edge of a piece of paper following the logarithmic scale at the 
bottom of Figure 139. The axial ratio of a cubic crystal being unity, 
the paper scale thus prepared must be moved horizontally along the line 
of this axial ratio until there is coincidence between the curves of the 

1 A. W. Hull and W. P. Davey, Phys. Eev. 17, 549 (1921). 
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plot and each observed spacing (Figure 140). The indijces of the planes 
giving the powder lines may then be read off directI}". Hexagonal and 
tetragonal crystals of known axial ratios are treated in precisely the same 
manner. 



When the SymTnetry is Incom'pletely Known, — The logarithmic record of 
spacings must be moved vertically as well as horizontally over the charts 
until a coincidence is discovered if the crystal under examination is either 
hexagonal or tetragonal but with an undetermined axial ratio. For 
instance moving the logarithmic plot of the strong lines of pyrrhotite over 
the face of Figure 138 shows (Figure 141) m agreenj-eut with the axial 
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ratios c : a = 0.82, 1.64, etc. On account of their more or less approxi- 
mate character great care must be exercised in the application of these 
charts, particularly when, as in this last case, the crystallographic proper- 
ties are not thoroughly established. It scarcely needs to be emphasized that 


2 « 

, M 

^ ^ & 
S .2 b 

S 03 


except perhaps where reflections “from very simple planes are concerned 
ah assignments of indices should be checked by direct calculations of 
spacings. A purely analytical procedure ^ has also been suggested for 



1 A. Johnsen and 0. Toeplxtz, Physikal. Z. 1 . 3 ^ 47 (1918). 
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Ra. 139.— -A plot of the variation of the spacings of various tetragonal planes with the value of the axial 

ratio c (after Hull and Davey). 
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identifying reflecting planes in hexagonal and tetragonal crystals. This 
method has not been largely used as yet in crystal analysis. 

It is not feasible to prepare charts for orthorhombic, monoclinic or 
triclinic crystals because of the greater number of variables that are 



involved. An analytical process* has been devised, however, which 
is theoretically capable of establishing a possible unit cell for these crystals 
as weU as for those of greater symmetry; but its application is so arduous 
a task that no genuine test of its usefulness has yet been made. 


1 C. Runge, Physikal. Z, 18, 509 (1917). 


spacings (iu a powder photograph) of pyrrhotite. 
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Accurate Spacing Measurements. — In order to obtain any considerable 
accuracy from spacing measurements on powder pbotographsj certain 
precautions must be taken and corrections (or their equivalent) applied. 
In the first place it is not easy to get an accurate measure of the distance 
of the somewhat broad powder spectrum lines from the central undeviated 
slit image. If such a direct measurement of the angle of deviation of a 
line is to be made, as is the case if a quadrant spectrograph (page 182) is 
employed, the difficulty is lessened by inserting such a thickness of absorb- 
ing material in the path of the direct beam that the resulting photographic 
image has an intensity comparable with that of the reflected beams. This 
sort of absorbing screen should also be used in defining the zero beam for 
the various forms of ^'slit-less'' spectrographs. HemicyKndrical and 
cylindrical instruments have the advantage that no determination of the 
position of zero deviation is necessary; measurement can be made between 
corresponding lines on either side of the zero. The other quantity required 
to establish the angle of reflection of powder lines is the crystal-to-film 
distance. An approximate measure of this can of course be made directly; 
a spectrograph is, however, best standardized by preparing a powder 
photograph of either sodium chloride or calcite (the two primary wave- 
length standards) under the same conditions that will subsequently be 
employed in examining unknown substances. 

Calculations of spacings using the crystal-to-film distance obtained 
from such a standardization will not always yield results of great accuracy. 
If a rod of powder is used and the incident X-rays diverge after passing 
through the slit system the powder lines will be found farther from the 
position of zero deviation than would be the case with parallel X-rays.^ 
An approximate correction for this can be introduced. The positions of 
reflection lines will likewise be influenced by the size and the absorptivity 
of the crystalline rod.^ In Figure 142 AA' is an incident beam of X-rays 
which on striking the tube of powder C gives rise to a reflection at the angle 
2 0. If the crystalline material were completely transparent to X-rays 
the center of the reflected image would lie at C' on the film ET'. If the 
powder were opaque then reflection would take place only from a section 
of its surface and the spectrum line would be found at Thus the 

reflection would appear to be shifted towards greater angles. Most 
crystal powders range between these liinits and as a consequence their 
lines exhibit an apparent displacement. An approximate correction to 
allow for this shift has also been suggested. Conditions are simpler if a 
sheet of powder is used instead of a rod but the varying thickness of the 
film and the difficulties of holding it plane interfere with direct accurate 
measurements. 

^ 0- Pauli, op. cit. 

®Ibid. 
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In using the spectrograph of Figure 133 an attempt to allow for this 
absorption is made by mixing heavy absorbing powders with some light 
material such as flour. ^ A comparison photograph of sodium chloride and 
of this mixture is then prepared by filling one half of the specimen tube 
with sodium chloride and the rest with the mixture. The introduction 
of the foreign crystalline starch is a serious disadvantage, particularly in 
the study of crystals with low symmetry. A more satisfactory procedure 
is one which mixes the comparison powder (sodium chloride or calcite 
usually) directly with the powder under investigation.^ This mixture 



can then be formed into a sheet or put into a tube for photographing. 
Under these conditions the lines of the comparison standard are subjected 
to the same measure of absorption and apparent deviation as are those 
of the unknown. Consequently, if the standard lines are used to calibrate 
the film for a particular observation, the corrections which have been 
mentioned above are automatically cared for more accurately than by 
calculation. It is better to make identifications of reflecting planes upon 
an additional photograph of the pure unknown substance. This method 
of accurately determining the spacings of powder lines from a comparison 
photograph of sodium chloride and metallic iridium is illustrated by the 
data of Tables IV and V and Figure 143. The specimen was a film of 
iridium and sodium chloride in collodion. Column (2) of Table IV records 
the distances of the standard lines from the central undeviated image 
(as obtained by halving the separation of corresponding lines on either 
side of the zero) ; column (3) states the spacings, dhn, of these planes as 
calculated from equation (15a) and the known dimensions of the sodium 

^ W. P. Davey, op. cit. 

«R, W. G. Wyckoff, Zeitsch. f. Kryst. S9, 55 (1923). 
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chloride unit; and the last column gives the reflection angle d as calculated 
from equation nX = 2 sin An average value of r, the distance 
from crystal to Aim (Figure 131) is obtained from the data of columns 

Table IY. Solium Chloeile Data from a Comparison Powder Photograph of 
Iridium and Sodium Chloride 


DifeTANCE (D) OF Line 


PlJLNE 

FBOM ZebO ImaSE 

diiii 

e (in radians) 

1(K)(2) 

27.05 mm. 

2.814A^ 

0.12649 

110(2) 

38.60 

1.990 

,17937 

111(2) 

47.40 

1.625 

.22027 

100(4) 

54,85 

1.407 

.25506 

120(2) 

61.65 

1.258 

.28597 

112(2) 

67.5 

1.149 

.31415 

110(4) 

78.7 

0.9949 

.36486 

100(6) 1 
122(2) J 

83.8 

,9380 

.38813 

130(2) 

88.4 

.8899 

.41035 

132(2) 

106.1 

.7521 

.49159 


(2) and (4) and the relation D = 2 r0 either by a simple averaging or 
probably better by applying the method of least squares.^ For the 
Ir-NaCl experiment r is found in this way to be 107.76 mm. (data of Table 
IV). The appKcation of this standardization to the lines of iridium gives 
the results shown in Table V. The measurements of column (2) divided 



Fig. 143. — ^Tracings of the lines in a simple powder photograph of iridium (above) 
and in a comparison photograph of iridium mixed with sodium chloride. As usual 
the heights of the traced lines are proportional to their intensities upon the original 
film. 

^ Using this latter method the crystal-to-film distance r will be obtained from the 
expression 2r = 
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Table V. 

ImDiuM Data from the Comparison Photograph of 

Distance (D) op Line 

Table IV 

Plaistb 

PBOM Zeeo Image 

dhk 

ao 

111(1) 

34.7 mm. 

2.214A° 

3.835 ■ ° 

100(2) 

40.2 

1.914 

3.829 

110(2) 

57.05 

1.357 

3.838 

113(1) 

Omitted because practically coincident with. 112(2) of NaCi 

111(2) 

70.5 

1.106 

3.830 

100(4) 

82.3 

0.9526 

3.810 

133(1) 

89.9 

.8762 

3.819 

120(2) 

92.35 

.8544 

3.821 

112(2) 

102.0 

.7788 

3.816 

111(3) 1 
115(1) J 

^ 108.6 

.7352 

3.820 

110(4) 

118.8 

.6778 

3.834 

100(6) 1 
122(2) J 

^ 127.6 

.6361 

Simple Mean = 

3.817 

= 3.824A'’ 


By r yield values of 2 6 which when applied in the equation nX = 2 dm sin^n 
lead to the spacing data of column (3) and to the dimensions of (4) after an 
identification of these lines by one of the procedures previously outlined. 
These values of ao from different lines suggest the accuracy that can be 
obtained from ordinary measurements on powder photographs; it is 
foxmd, however, that the average dimensions calculated from different 
photographs agree rather more closely than data from individual lines 
would suggest. 

The Intensity of Powder Reflections, — In the calculation of the relative 
intensities of powder reflections from a given arrangement of atoms, one 
factor in addition so those enumerated in expression (20) of Chapter III 
must be considered. In a haphazard distribution of crystalline particles 
equal numbers of the individual crystals will be inclined at all desired 
angles towards an incident X-ray beam and thus will be in a position to 
reflect X-rays from any possible crystal face. AH planes having the 
same relative spacings give powder reflections in the same position and 
consequently the reflections from all of the faces of a crystal form are 
superimposed upon one another in the formation of a single powder spec- 
trum line. If the crystal imder examination has a center of symmetry 
then the intensity of a spectrum line contributed by the planes of a form 
will be equal to that calculated for a single plane by expression (20) 
multiplied by the number of planes in the form. If the crystal is not 
possessed of a center of symmetry the intensity of (20) must be multiplied 
by twice the number of planes in the form unl^s the form, taken by itself, 
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Table VI. Values op j pok Reflections from all Forms in all Classes 

Crystal Symmetry 


Symmetry 

Iniiices of Forms 

i 

I. Triclinic System 



1C 

iCi 


[hkl] 

2 

II. Monoclinic System 



2c 

1 

[bkl] 

4 

20 

2Ci 


[hkO] or [001] 

2 

/ 

III. Orthorhombic System 



2e 


[hkl] 

8 

2D 


[100], [010] or [001] 

2 

2Di 


[Okl], [hOl] or [hkO] 

4 

IV. Tetragonal System 



4c 


[hkl] 

8 

4C 


[001] 

2 

4a, 


[hkO] 

4 

4d 


[hkl] 

16 

4e 


[001] 

2 

4D 


[100] or [110] 

4 

4Di 


[hkO], [Okl] or [hhl] 

8 

V. Cubic System 



T \ 


[hkl] 

24 

Ti/ 


[100] 

6 



[111] 

8 



[Okl] 

12 

Te] 


[hkl] 

48 

0 } 


[100] 

6 

Oi J 


[111] 

8 



[110] 

12 



[Okl] or [hhl] 

24 

VI. Hexagonal System (hexagonal indices used throughout) 


A. Rhombohedral Division 



ZG 1 

L 

[hk-1] 

6 

saj 

r 

[00-1] 

2 

3e 

1 

[hk-1] 

12 

3D 

[ 

[00-1] 

2 

3Di 

1 

[11-0] or[hh-l] 

6 

B. Hexagonal Division 



6c I 


[hk-l] 

12 

6C 


[00-1] 

2 

6a J 


[hk-OJ 

6 

6d ' 


[hk-1] 

24 

6e 


[00-1] 

2 

6D 


[11-0] or [IT -0] 

6 

6Di 


[hk-0], [hh-1] or [hh-I] 

12 
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has such a center. This arises from the fact, already mentioiied in discuss- 
ing the symmetry of Laue photographs (page 117) that since reflection 
must be imagined to take place from a series of internal atomic planes 
parallel to a crystal face, the same reflection is obtained from any face 
and from a parallel one on the opposite side of the crystal. 

The intensity of powder reflection from the planes of a form (or of the 
two inverse forms if the crystal is without a center of symmetry) may 
consequently he written 

Ithkii cc j X Im,, = i • (A^ + B^) • (^T'' ■ • • • 

where j equals either the number of planes in a form or twice that number. 
The values of j for all the forms of each of the 32 classes of symmetry can 
be immediately deduced from their indices (Table IH of Chapter I); 
they are given in Table VI. 

It scarcely needs to be emphasized that the lines in a powder photo- 
graph frequently are due to reflections from planes of more than one form. 
For example since the values of (h^ + + P), and consequently their 
spacings, are the same (in cubic crystals) for planes of the forms [341] 
and [501] their reflections will be exactly superimposed with the formation 
of a single spectrum line. In many more instances^ especially with crystals 
of low symmetry, powder lines from different forms will not have identical 
positions but nevertheless wiU lie so close together that their separation 
is diflflcult. 

As is the case with intensity observations upon other diffraction 
effects, practically all the existing measurements of lines in powder photo- 
graphs have been visual estimations; the few photometered films are not 
of much greater value as indications of intensity. It is probable, however, 
that spectrometric and spectrographic observations of powder reflections 
furnish the simplest way now open to obtain reliable scattering measure- 
ments. 



Chapter VII. A Generally Applicable Method 
for Determining the Structures of Crystals 

All of the ways of arranging the atoms of a crystal can be written 
down through the use of the theory of space groups (Chapter I). In 
Chapters IV, V and VI methods for producing and recording the diffrac- 
tion effects which result when X-rays strike upon crystals have been 
described and in Chapter III equations are offered that express, as well 
as may be, the influence which the arrangement of the atoms within a 
crystal has upon the positions and intensities of these diffraction effects. 
With this information at hand a method can be outlined for deciding 
between the possible atomic groupings in crystals. 

The essential steps of this method of crystal analysis are the following: 

1. The determination of the amount of mass (the number of chemical 
molecules) associated with a crystallographically possible unit cell; 

2. The determination of the correct unit cell for the atomic arrange- 
ment; 

3. A statement of all of the possible atomic groupings which are 
compatible with this unit cell and with the symmetry requirements of 
the crystal; 

4. A selection between these possible structures through the use of 
the attainable diffraction data. 

Whenever all of these steps are carried through, eit&er the correct 
atomic arrangement in a crystal is foimd or, if the experimental data are 
insufficient to attain this end, all structures which remain possibilities 
are known with certainty. If one or more of these steps are omitted or 
incompletely treated, as is often the case, then the resulting structure 
may agree with the limited experimental data that were used but there 
is no assurance that it is more than one of a number of otherwise unknown 
possibilities. 

This chapter will be devoted to a consideration of certain details of 
each of the parts of a crystal analysis as outlined above. Many more or 
less complete examples of such analyses are outlined in the second part 
of this book. 

I. The Mass Associated with a Possible Unit CeE. — Any unit cell not 
incompatible with the symmetry characteristics of a crystal is crystal- 

202 
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lograpMcally possible. For the initial determination of associated mass 
that unit may be used which has a shape defined by the customary axial 
ratios and angles. The nature of such unit cells for each of the systems 
of crystal symmetry has been outlined (page 60). 

The volume (V) of a triclinic unit cell ^ is given by the expression: 

V = aoboCo sin p sin y sin 5, where 

. . . C27.) 

f sin jS sin y 

For units having the S3niimetry of the other crystal systems this equation 


immediately reduces to: 

Monoclinic unit: V = aoboCosin 7 ..... (27b) 

Orthorhombic unit V = aoboCo ..... (27c) 

Tetragonal unit: V = ao^Co (27d) 

Cubic unit: V == ao^ (Tie) 

Hexagonal unit: V == ao^Co sin 60° (27f) 

Rhombohedral unit: V = ao^ sin^asin where 

sin i 5' = sin I a/ sin oi (27g) 

This volume (V) is related to the mass within the unit and the density 
of the crystal through the simple density relation 

p = mM/V (28) 


wherCj as usual, p is the density of the cry^al, M is the mass of its chemical 
molecule and m is the number of these molecules contained within the 
cell. 

Substituting the volume of a unit cube (27e) in the preceding equation 
p = mM / ao® or m = pao^/M 

In this equation(p) is an easily measurable physical property of the crystal 
and M is the product of the molecular weight into the mass of a hypothetical 
atom of Tthit atomic weight (that is, approximately the mass of the atom 
of hydrogen). This latter quantity is given by the various estimates of 
the number of atoms within a gram atom of any element and has a value 
close to 1.66 X 10”^ grams. Though the length of the unit cell [for cubic 
crystals equal to the distance apart of geometrically alike (100) planes] 
cannot be found by any direct observation, X-ray reflections from a face 
(hkl) give dhvi/n. Assuming then that a spacing measurement from a 


IE. H. Kraus and G. Mez, Zdtsch. f. Kiyst. S4, 390 (1901). 
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cube face is available the ratio m/n^ (the number of molecules in the unit 
divided by the cube of the order of reflection) is given by 

m/n^ == p (dm/ n) VM. 

It often happens either that the crystal under investigation has such 
a habit that cube reflections cannot be readily obtained or that no crystals 
of any sort large enough for individual reflections can be grown. The 
spacing of any plane (hkl) is related to the length of the edge of the unit 
cube through the equation 

dhki = ao/ (h^ + = dioo/ (h^ + k- + 1^)^ (15a) of Chapter III. 

If this value of dioo is introduced into the preceding formula the ratio of 
m/n^ can be obtained from a spacing measurement upon any plane (hid) 
through 

m/n^ - ^ (dWn)^ [h^ + k^ + * * * * 

In a similar way by substituting the appropriate forms of expres- 
sions (27) and (15) into equation (28), the following values of m/n^ are 
found for unit cells belonging to the other systems of symmetry: 

For the tetragonal unit : 

m/n* = g (dWn)* + (l/c)^]3 .... (29b) 

For the orthorhombic unit: 

m/n* = ^ (dWn)U(li/a)^ + (W + F? - • • • (29c) 
For the hexagonal unit: 

m/n* = ^^^^°(di^/n)U4/3(h^ + hk + k2) + (l/c)^? ■ ■ ■ (29d) 
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For the triclinic unit: 


m/n^ 


acp sin ^ sin y sin d 
M 


(diki/n)* X 


h/a 


h/a cos 7 cos 


1 h/a COS |(3 


1 cos 7 h/a 

k 1 cos a 

+ k 

cos 7 k cos a 

+ l/c 

cos 7 1 k 

1/c cos a 1 


cos jS 1/c 1 1 


cos cos a 1/c 


1 COS y cos 0 
cos y 1 cos a 
cos P cos O' 1 

.... (29g) 


Not only are both m and n integral but experiment seems to show 
that n is a small number. From this it follows that as long as the unit 
cell contains one or more atomic groupings molecules^’) all alike (so 
that no cells are encountered which contain for instance, five or seven 
chemical molecules), the ratio m/n^ from any crystal will equal one of 
the numbers shown in the body of Table I. The use of this table can be 
illustrated by the following examples. The introduction of the spacings 
measured from (111) reflections of K 2 Zn(CN )4 crystals into expression 
(29a) gives m/n® = 0.298; reference to the table shows that the unit 
cube must contain either eight (n = 3) or 64 (n = 6) molecules. In the 
same way it is foimd that for calcite (CaCOs) the spacing against the cleav- 
age face (dioo/n = 3.028A'^) yields the value m/iF = 0.50 for a unit 
with the shape of the cleavage rhombohedron (a = 101°550i conse- 
quently a unit of this shape will hold either four (n = 2) or 32 (n = 4) 
chemical molecules. If a crystal is a solid solution and not a single chemi- 
cal compound it is then necessary to use an averaged molecular weight in 
the preceding calculations. 

2 . The Correct Unit Cell. — ^By the correct or ^^true’^ unit cell is to 
be understood the smallest prism which by simple repetition along the 
coordinate axes will build up the entire crystal. For cubic crystals there 
is no ambiguity in the choice of the correctly oriented unit for there is 
only one way of drawing cubic axes of reference. The only uncertainty 
that can then exist is whether the correct unit is the smallest one compatible 
with those reflections studied or whether it is necessary to increase the 
length of the edge of this ^aU unit to some integral multiple. In actual 
practice that unit must be chosen as the correct one which, while agreeing 
with the experimental data, will still yield first order reflections from some 
atomic planes. 

The difl&culty experienced in establishing this correct unit ceE for 
crystals of less than cubic symmetry constitutes perhaps the greatest 
immediate barrier to the extension of reliable crystal structure informa- 
tion. It is always possible, thou^ it may prove tedious, to determine 
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the simplest unit which will agree with the available X-ray data; but in 
none of the studies yet made of crystals with less than cubic sy m metry 
have all but one of the geometrically possible units been conclusively 
eliminated. 

The most satisfactory data now attainable for choosing between 
possible unit cells are furnished by the Laue photographs. Not only will 
the values of nX calculated for all reflections be greater than the wave 
length mmiTniim of the X-ray beam when the correct unit is chosen, but 
an intensity-wave length curve (Figure 110) drawn through the planes of 
a single form must meet the position of zero intensity at this X^iin. These 
requirements furnish the available criteria upon which the selection of 
correct unit cells must now be based. As a &st step it is convenient to 
refer the Laue photographic reflections to a unit built upon the crystal- 
lographic axial ratios and angles and to calculate the corresponding 
values of nX with it and the appropriate form of equation (16). The 
requirements just outlined will not usually be fulfilled by the set of wave 
lengths thus obtained and the various other crystallographically possible 
unit cells with their different sets of planar indices must then be tested by 
computing their series of nX. In theory the spectrometer measurements 
as well as Laue photographs should be useful in this search for the correct 
unit cell of non-cubic crystals. Frequently, however, changes in the unit 
ceU do not alter the values of nX calculated from the simple planes ordi- 
narily studied with the spectrometer. 

This method of choosing between unit cells for a crystal will be illus- 
trated by some data from a Laue photograph of rhodochrosite ^ (MnCOj). 
The shape and dimensions of the unit rhombohedron corresponding to 
the dotted coordinate system of Figure 101, as determined by a knowledge 
of the symmetry properties and orientation of the crystal and by a reflec- 


Table II. Data fbom a Laue Photograph of MnCOj 


Accobdinq to TJktt (A) 

Accobbing to 

Untt (B) 

Indices 

nX 

Indices 

nX 

213 

0.408A° 

4ll 

0.408A® 

§25 

.309 

721 

.309 

317 

.252 

421 

.504 

315 

.244 

31I 

.488 

334 

.348 

710 

.348 

557 

.209 

610 

.418 

5, 11, 7 

.211 

913 

.422 

335 

.362 

140 

.724 

1,3, 11 

.214 

46l 

.428 

319 

.163 

43^ 

.326 

3, 1, 13 

.193 

751 

,386 

Pl8 

.344 

78l 

,344 


W. G. Wyckoff, Am. J. 

Sci. 50 , 317 (1920). 
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tion spectrum measurement from some facej are shown by the dotted 
rhombohedron (A) of Figure 144. The introduction of these dimensions 
and the indices of reflecting planes (from Figure 101) into equation (16e) 
will lead to data of which those of the first two columns of Table II are 
typical. The further knowledge of the voltage applied to the X-ray 



Fig. 144. — The size and shape of the rhombohedral unit cell corresponding to the 
dashed coordinate lines of Fig. 99 are shown by the dashed lines of this figure; the 
length and position of the edges of the unit ceil which fits the diffraction data are 
shown by the dot-and-dash lines, 

tube during the preparation of the Laue photograph shows (page 68) 
that the shortest X-rays present had the length X = 0.25A°. Since 
calculations with the chosen unit cell give values of nX far below 0.25A°, 
it cannot be a possible one for rhodochrosite. The next simplest unit 
(B) has for its edges the diagonals of the first and is shown by the dot-and- 
dash lines of Figure 144. The indices of reflecting planes according to 
this new unit could be found by drawing the appropriate coordinate 
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system, in Figure 101; they are, however, more simply calculated with 
the transformation equations 

h' == k + 1; k' = h + 1; 1' = h + k, 


where (hkl) and (h'kl') are the Miller indices of a plane according to the first 
and the new sets of axes respectively. The application of these new data 
in equation (16e) yields the values of nX given in the fourth column of 
Table IL Many reflections now lie in the first order region, none have 
values' of n\ less than 0.25A° and if a plot of nX against intensity (like 
Figure 110) were made for all observed reflections it would be found that 
the reflections stop quite sharply at 0.25A° and that intensities reach a 
decided maximum in the neighborhood of 0.46 — 0.48A°. In thus satisfy- 
ing all attainable diffraction data this unit is a possible one for rhodo- 
chrosite, A similar treatment of the other less simple imaginable units 
would serve either to retain or eliminate them from further consideration 
in the search for the correct atomic arrangement. 

From this illustration it is clear that Laue photographs furnish abund- 
ant data for deciding between geometrically possible unit cells. Inas- 
much as an experimental selection between units is thus possible and 
because the results of experiment do not show that the crystallograpM- 
cally chosen axes always define unit cells, some sort of selection between 
units forms a necessary part of any reliable crystal structure determina- 
tion. The results of a satisfactory investigation will state not only the 
units which agree with all attainable experimental data but also the 
nature of those geometrically conceivable units which were tried and 
found to be physically impossible. 

3. The Possible Atomic Arrangements. — A use of the results of the 
theory of space groups is imperative at this point in the study of the 
structure of a crystal. All conceivable atomic arrangements can then 
be immediately written down from tables ^ giving all the possible atomic 
positions, if both the symmetry of the crystal and the number of mole- 
cules within the permissible unit cell, or cells, are known. 

External Symmetry and the Symmetry of Atomic Arrangement — This 
step in crystal analysis would be straightforward were it not that the 
relation is sometimes uncertain between the symmetry of the atomic 
arrangement in a crystal and what has customarily been taken as its 
symmetry of crystalline form (external symmetry). In the crystallo- 
graphic assignment of symmetry not only are studies of optical properties 
brought to the aid of measurements of the nature and positions of the 
faces occurring upon a crystal but use has also been made of such less 

^ E. W. G. Wyckoff, An Analytical Expression of the Results of the Theory of 
Space Groups, Pubi. 318, Carnegie Institution of Washington (1922). 
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understood phenomena as etch-figures and gro'v^'th forms. X-iay diffrac- 
tion measurements have definitely shown that the symmetry of atomic 
arrangement in a cr 3 ^stal does not alwaj^s agree with the symmetry given 
it by etch-figui’es and studies of form development. Ammonium chloride 
furnishes the best example of this disagreement now available- Etch- 
figures and some observations upon rare faces ^ seemingly place this 
cr^^stal in the enantimorphic hemihedral (plagihedral) class of the cubic 
system; diffraction effects aided the results of the theory of space 
groups ^ show, on the other hand, that the symmetry of atomic arrange- 
ment is hemimorphic hemihedral (or holohedral, if the hydrogen atoms 
do not occupy positions which meet the requirements of symmetry). It 
becomes of great importance not only to search for the reason for such 
discrepancies as this but to discover which of the crystallographic indica- 
tions of symmetr}^ may be safel^^ used as an aid in crystal analysis. 

It has alwa^^s been a basic assumption of descriptive crystallography 
that the ^^sjnnmetry^’ of a crystal is the lowest that is defined by the 
symmetry of the distribution of its faces. With the possible exception 
of ammonium cliloride there is yet no case of a conflict between the sym- 
metry of face development and that of the atomic arrangement deduced 
with X-ra^^s when all the faces of characteristic forms have been found 
developed upon crystals. There are nevertheless several instances (of 
which the alkali halides are typical) where a partial development of 
faces of a form has led to a supposed external symmetry less than or 
different from that of the atomic arrangement. Etch-figures have also 
been frequently employed in making assignments to a particular class of 
symmetry within a predetermined system. In their use it has been 
assumed that the shapes and distributions of these pits will conform to 
the '"sjunmetry’’ of the entire crystal. The etch-figure symmetry of a 
crystal is often different for different conditions of etching and may be 
different from the s^unmetry arising from studies of face development. 
In an such cases it has been the working rule of crystallography to take 
as the '^true'^ symmetry of a crystal the lowest that can be found by any 
procedure. 

Though all 32 of the possible classes of crystal S 3 mimetry cannot be 
distinguished in this manner, a study of the optical properties of crystals 
gives evidence of their symmetry. Further indications are furnished by 
the phenomena of pyro- and piezo-electricity. In the symmetry of their 
X-ray diffraction effects all crystals divide themselves into eleven groups. 

Of these various methods for determining crystal symmetry, etch- 
figures and face development (and solution bodies) — the symmetry 

^ See P. Groth, Chemische Krystallographie, Vol. I, 182 (1906). 

3E. W. 0, Wyckoff, Am. J. Spi. 3 , 177 (1922); 4 , 469 (1922). 
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criteria which have sometimes been found to be out of accord with results 
of crystal analysis — are surface phenomena. The atomic arrangement 
found in a crystal at considerable depths below its surface (its crystal 
structure) must be only one of several factors which influence its form 
and shape on growth and solution: the distribution of the forces about 
an atom lying on the surface of a crystal can scarcely be the same as it 
would be about a similar atom in the body of the crystal. From this 
standpoint it is not surprising to find the symmetry indicated by surface 
phenomena somewhat different from that of the atomic arrangement. 
If this point of view is correct then no conflict will ever be encountered 
between crystal structure data and optical or piezo-electric data (or X-ray 
diffraction effects); a low symmetry of atomic arrangement will be 
reflected in the observed face development,- and other surface properties, 
but surface indications of a low S 3 mimetry need not correspond to a low 
symmetry of atomic grouping. 

Ammonium chloride is the only crystal yet encountered which has 
a symmetry of atomic arrangement different from, and not simply higher 
than, the observed crystallographic symmetry; and a subsequent study 
of the crystal structures of the ammonium alums suggests that this may 
be only an apparent exception.^ It has been found that in the alums 
there is no cherhically permissible way of placing the^ hydrogen atom 
of the ammonium groups so that they will have positions which conform 
to the symmetry of the crystal as a whole (see page 363). As a conse- 
quence it is seen that in its symmetry properties, as well as chemically, 
the ammonium group in the alums behaves as a single entity which has 
essentially spherical S 3 unmetry. If the ammonium group can act as a 
sphere in the alums, it may also do so in all anomonium salts; in that 
case the symmetry of the atomic arrangement in ammonium chloride is 
holohedral instead of hemimorphic hemihedraL Future work will doubt- 
less throw additional light upon this apparent violation of the funda- 
mental assumption underlying all crystal structure investigation — that 
the positions of the atoms in a crystal conform to its symmetry. The 
violation is largely a formal one because an ammonium hydrogen atom 
presumably would be no longer possessed of electrons and consequently 
could give no appreciable indications of its position by its influence on 
either light or X-rays. 

1 If it is universally true that the symmetry deduced from surface phenomena may 
be lower than but not otherwise different from that of the atomic arrangement, it might 
be argued that these symmetry indications are correct and that low symmetry proper- 
ties reside in the shapes of the atoms themselves. Against this point of view is the fact 
that no real evidence exists from other sources to suggest that the shape of the atom 
has any influence upon crystal symmetry; neither have there ever been found any of 
the gyroidal properties which should be possessed by such crystals as the alkali halides 
if they actually have less than holohedral symmetry of atomic arrangement. 
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If, as the preceding discussion suggests, the symmetry of atomic 
arrangement in crystals is the same as that found by optical methods 
but may be greater than that indicated by symmetry determinations 
based upon surface phenomena, in some cases of crystal structure examina- 
tion it will be necessary to treat the possible arrangements that can be 
deduced from more than one class of symmetry. Though this increases 
the required labor, it can always be done. 

Quite aside from the reasons arising from the conflicts in symmetry 
properties that .have just been discussed, symmetry assignments made 
by any other method should be reinforced by an optical examination 
before they are used in crystal analysis. Frequently either a crystal 
of low ff^- mnm etry has axial ratios and angles close to those of a crystal 
of higher symmetry or it approaches a more symmetrical form by twinning 
or other form of multiple growth. Thus potassium triiodide (KIs) is 
pseudo-cubic in the first manner, ammomum iodate (]SrH4l03) in the 
second. A crystal formed at one temperature sometimes inverts without 
change in external shape on passing to another temperature; the aniso- 
tropic character of crystals of leucite [ElAl (8103)2], which externally 
appear cubic, is explained by the occurrence of such an inversion. 

Once the symmetry, or possible symmetries, have been settled upon, 
all of the ways in which the atoms of a crystal can be arranged within 
its unit cell are immediately obtainable from the results of the theory 
of space groups. The previous determination of the number of molecules 
in the unit furnishes the number of atoms of each kind that must be 
placed in it. All of the chemically like atoms may be crystallographically 
alike or some may be related differently from others to the surrounding 
atoms. Both possibilities must be considered unless one or the other can 
be eliminated for sound reasons. A distinction between the various 
possibilities of aiTangement may be made upon two grounds — ( 1 ) the 
symmetry requirements, (2) the necessity of having a structure which is 
chemically reasonable. Of these the fiirst is entirely definite as far as it 
goes; but as long as the connections between crystal structure and chemical 
constitution remain as little understood as they are at present, great 
caution must be exercised in employing limitations of the second sort. 

Possible Atomic Arrangements for Sodium Chloride, — The following 
treatment of the comparatively simple case of sodium chloride will serve 
to illustrate the way in which space group results are actually used in 
listing possible atomic arrangements. If only atomic groupings with 
holohedral symmetry (point group Oi) are considered, then a reference 
to the appropriate tables ^ shows that with four molecules of NaCl in 

W. G. Wyckoff, An Analytical Egression of the Results of the Theory of 
Space Groups, Publ. 318, Carnegie Institution of Washington. 
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the unit cube the following arrangenaents are the onl}- conceivable ones. 
The four sodium atoms in the unit (1) might be similarly related to one 
another or it may be imagined (2) that three of them are alike but different 
from the fourth, (3) that two of them are different from the other two or (4) 
that all four are unlike. 

(1) If the four sodium atoms'are equivalent and the four chlorine atoms 
are also equivalent, the following atomic arrangements are seen to be 
possible: 


(a) Na: 000; 

a . 111 . 

• 222 j 

(b) Na: iH; 
Cl: m; 


^ 22 } 22 ^* 
iOO; OiO; OOi 


ail • 

4 4 4 :; 


113 . 
4 4 4 ^ 


Hi. 


By transferring its origin to the point Jii the second arrangement is, 
however, shown to be identical with the first. 

(2) If three of the atoms of a chemical kind are equivalent but different 
from the fourth: 


(c) Na: 000 and HO; Hi; OH. 

Cl: HiandOOl; OH; iOO. 

(d) Na: 000 andOOi; OH; HO. 

Cl: Hi and HO; Hi; OH- 

In the positions of its atoms arrangement (c) is indistinguishable from 
(a) and (b). 

(3) If the chemically like atoms fall into two groups of two geometri- 
cally equivalent atoms each; Since there is but one group of two equiva- 
lent positions possessing cubic symmetry, no arrangement of this sort is 
possible. 

(4) If the four chemically like atoms are non-equivalent to one an- 
other: Since there are only two groups of singly equivalent positions in 
space groups with cubic symmetry, no such arrangement is possible. 

In this way it may be concluded that if sodium chlpride has holohedral 
symmetry and contains four molecules within its unit (a) and (d) are the 
only possible structures. 

If merely for purposes of illustration it were admitted that NaCI 
can be assigned to any other class of cubic symmetry, the following struc- 
tures with less than holohedral symmetry are found from a consideration 
of the space groups of these other point groups. They all belong to (1), 
in which the four chemically like atoms are also geometrically equivalent: 

(e) From the space groups T-1 and Te-1 : 

Na: uuu; uuu; tiuu; uuti. 

Cl : a similar term in v. 
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(f) From the space group T-4; 

Na: uuu; u + |, | — u, u; u, u + I, | — u; | — u, u, u + 
Cl: a similar term in v. 

(g) From the space group Te-2: 

Na: 000; iJO; J0|; Oii 

Cl: Hi; iH; IH; Hi 

Indistinguishable from (g) are other arrangements obtained by taking 
the remaining combinations of the four sets of equivalent positions of 
(a) and (b) two at a time. 


(h) From the space group 0-6: 

TVJ^ . 111. 33.7. 753.. 37.5 

0b . S' S I j 8 8 8? 8 88 ? 8 8 8- 


Cl: 


5 5 5. 
"88? 


(i) From the space group 0-7 : 

• 3 3 3 . 7 1 5 . Ill- 157 

iSa. 888? 888? 888? 88 8- 

13 5.. 


Cl: fit;’ 8 8 8 ? 


JSl- 777 
i 8 8 ? 8 8 8* 


The conceivable atomic arrangements for any other crystal can be 
written down in this same way by inspecting the tabulations of the space 
groups having its determined sjmimetry. For crystals with cubic sym- 
metry the possible structures will usually be comparatively few in number 
but with crystals of lower symmetry they may become very numerous. 
The many arrangements which must then be tested one by one with X-ray 
diffraction data are an important factor operating to prevent more ade- 
quate studies of crystals of low symmetry. 

If a crystal is of such chemical complexity that it contains atoms with 
appreciable scattering powers in generally equivalent positions (page 64), 
the space group of the correct structure can often be determined in ad- 
vance of a knowledge of its atomic arrangement. Where this can be done 
the number of possible groupings that require individual treatment will 
be greatly lessened. This selection between space groups, which follows 
along similar lines to those used in choosing between the various individual 
structures, will be discussed with them in the following section. Space 
group criteria based upon Laue photographic ^ and spectrmn photo- 
graphic data, have been presented for cubic crystals; similar distinctions 
can also be drawn among crystals with lower symmetry.* 

4 . The Choice of the Correct Structure. — After the possible atomic 
arrangements have been written down, the diffraction effects to be expected 
from each of them can be qualitatively calculated using expression ( 20 ). 
Having found out in this way the characteristic differences in their diffrac- 


1 E. W. G. WyckoS, Am. J. Sci. 4 , 175 (1922). 

“ P. Niggli, Geometrisclie Krystattographie des Discontinuums, Kapitel IV (Leip- 
zig, 1919). 
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tion effects, the correct structure can be sought with whichever diffrac- 
tion experiments will give the most valuable results. 

If the structure is simple, like that of sodium chloride, all of the atoms 
0 CCUP 3 ' positions which are completely determined by s 3 Tiimetry requii'e- 
nients. In these groupings with fixed parameters the structme conse- 
quentl}^ is entirely known as soon as the correct arrangement has been 
found. Some atoms in most crystals, however, are defined by one or more 
coordinates with values not established by the dictates of symmetry. 
The preceding arrangements (e) and (f) for sodium chloride are such 
structures. In these cases it is necessary to determine by reference to the 
appropriate diffraction data first the correct arrangement and then, if 
possible, to evaluate the variable parameters. If there is only one variable 
in the structure it can be obtained with considerable accuracy and com- 
plete assurance of correctness. The large amount of labor involved in 
getting results which are at best onl}’' approximate makes it rarely if ever 
worthwhile to try to place the atoms in structures with more than two 
independent variables. When the interrelations between the structure 
and the chemical properties of crystals are more thoroughly understood 
and when the scattering powers of atoms are better evaluated, the variable 
ranges requiring examination will be much narrowed and more such 
parameters can then be successfully treated. 

A Selection between Structures for Sodium Chloride, — The general 
procedure to be followed in testing out the structures possible for a crystal 
can be illustrated by the following treatment of arrangements (a), (d) 
and (g) for sodium chloride. It consists essentially in calculating with 
expression (20) of Chapter III the diffraction effects characteristic of 
each of these arrangements and comparing them with the necessary 
diffraction observations. 

For arrangement (a): locA" + There results by substituting the 
coordinates of atomic positions into expression (20): 

A = i^a[cos 2 7 rn( 0 ) + cos 7rn(k + 1) + cos 7rn(h + I) + cos 7rn(h + k) 
+ d[cos 7 rn(h + k + 1) + cos xnh + cos xnk + cos xnL]; B = 0 

This reduces to: 

^1) When n is odd: 

If h, k and 1 are all odd, A = Na[4] — Cl[4] 

If h, k and 1 are two even and one odd, A - ^[0] + C1[0] 

If h, k and 1 are two odd and one even, A = lSla[0] + ClIO] 

(2) When n is even, A = 1^[4] + d[4] always. 

Thus it is seen that with this arrangement of atoms there will be strong 
even order reflections from all planes. Odd order reflections, of an ampli- 
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tude which represents the opposition in phase of waves from the two 
kinds of atoms, will be observed only from planes with all odd indices. 
The atomic numbers, and scattering powers, of sodium and chlorine atoms 
are not very different and these odd order reflections will be weak; if, 
as is approximately true for potassium chloride, the two kinds of atoms 
in this arrangement had identical scattering powers, no reflections of any 
sort would be found in the odd orders. 

For arrangement (d) : 

A ==Na[l + cos 'jrnh + cos Trnk + cos xnl] + Gl[cos 7rn(h + k + 1) + 
cos wn(h + k) + cos tthQi + 1) + cos 7rn(k + 1)]; B = 0. 

This reduces to: 

(1) When n is odd 

If h, k and 1 are aU odd, A = Sa[~ 2] + Ci[^ _ 

If h, k and 1 are two even and one odd, A = ^[2] — Q[2] 

If h, k and 1 are two odd and one even, A = ]Na[0] + C1[0]. 

(2) When n is even, A = Na[4] + Gl[4] always. 

This arrangement likewise will give second order reflections from all 
planes, but both all odd and tw^o even and oUe odd reflections will appear, 
rather faintly, in odd orders. 

For arrangement (g) : 

A == Na[l + cos 7rn(h + k) + cos xn(k -f 1) + cos ^n(h + 1)] + 

Ci[cos 2 n(h + k + 1) + cos 2 3i(h + 3 k + 3 1) + cos ^ n(3 h + k 

+ 31)+ cos ^ n(3 h + 3 k + 1)] ; 

B = Na[0] + Cl[sin | n(h + k + 1) + sin g n(h + 3 k + 3 1) + 
sin g n(3 h + k + 3 1) + sin ^ n(3 h + 3 k + 1)]. 

This reduces to : 

(1) When n is odd 

If Jh, k and 1 are all odd, A = Wa [4] + Cl [0]; B = Na [0] + 

Cl [=i= 4] and therefore I oc (4 Na)^ + (4 
If h, k and 1 are two even and* one odd, A = Na[0] + Ci[0]; 

B = N^[0] + a[0]. __ _ ^ 

If h, k and 1 are two odd and one even, A ~ Na[0] + C1[0]; 

B = N^[0] + Ci[0]. 

(2) When n is even, A = Na[4] + Cl[4]; B = 0 always. The diffrac- 
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tion effects from this 'structure resemble those from (a) but with the 
important difference that since the waves from the two kinds of atoms 
are now addpg together, the odd order reflections from planes with all 
odd indices will have a considerable intensity. 

A study of the diffraction effects produced by sodium chloride shows 
strong second order reflections from all sorts of planes and only weak 
first order reflections from planes with all odd indices (page 304). As a 
result (d) may be immediately excluded from further consideration. A 
better choice between (a) and (g) can be made by calculating the approxi- 
mate relative intensities of first and second order reflections from planes 
with all odd indices. By writing tl^atomic numbers (or better the electron 
numbers of the ions) for and Cl and substituting the amplitudes just 
discussed in expression (26), it is readily shown that (a) but not (g) is in 
good accord with the intensities of powder reflectiorjs. 

The Determination of a Variable Parameter. — If a structure contains 
one variable parameter it is best determined by calculating the expected 
amplitudes (or intensities) for different values of the parameter. The 
calculated intensities can be compared with experiment after being plotted. 
For instance in sodium nitrate (see page 346) ’ the amplitude of first order 
reflections having either all odd or two even and one odd indices is propor- 
tional to 

B = 2 0[sm 2 )ru(h — k) -f sin 2 xud — h) -|- sin 2 7ru(k — 1)]. 

All such planes with the following values for (h — k), (1 ~_h) ai^ ^k 1) 
are present in Laue photographs: 1,2,3; 1,1,2; 2,3,5; 7,2,5. The 
curves of Figure 145, which were prepared by substituting these differ- 
ences in the preceding expression agree in all having a considerable 
amplitude near the point u = 0.25. A more accurate placing of the 
oxygen atoms could probably be obtained by the use of other curves 
for different observed reflections; if enough data are available it is fre- 
quently possible to locate the atomic position very accurately . In practice 
it is ofW of advantage to use comparisons of relative intensities for this 
purpose, but in doing this the decline of intensity with spacing must be 
taken into account. Reliable results can then be expected only when 
comparisons are made between planes with the same spacings or when 
complicated planes (with smaller spacings) are found to be at least as 
intense as simpler ones. If sufficient data are obtainable and the neces- 
sary care is exercised in their interpretation atoms can be satisfactorily 
located in this way; but if errors are to be avoided it is essential that the 
“laws” of scattering underlying these approximate intensity calcul^ 
tions be not taken too literally. This process of determining atomic 

R. W. G. 'WyckofE, Phys. Rev. 16 , 149 (1920). 
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positions is applied to the study of structures with one or more variables 
in many of the investigations subsequently to be reviewed (Part II). 

The Determination of the Space Group of a Cubic Crystal, — The char- 
acteristic diffraction effects that would be produced by atoms lying in 
the general positions of every space group can be calculated by the same 
procedure which has been illustrated for sodium chloride. The results 



Fig. 145. — Curves obtained by plotting calculated amplitudes of reflection against 
values of u for several first order refiections from NaNOs- The numbers attached 
to these curves are the corresponding values of h-k, 1-h and k-L 

of such calculations for the cubic groups ^ are stated in Table III; qualita- 
tive distinctions can be made between most of these groups. The type of 
atomic arrangement can consequently be obtained with great ease for 
crystals having atoms of appreciable scattering power in the generally 
equivalent positions of one of these uniquely determined space groups. 
It will be noted that for such determinations there is no need of a knowl- 
edge of the corresponding class of symmetry; rather, the symmetry 
(of atomic arrangement) is itself deduced with entire certainty from the 
diffraction measurements alone. The diffraction effects from some of 
these cubic groups, however, differ only in the presence or absence of 
reflections of planes of a single form, [100]. It frequently happens that 
the positions and the relative scattering powers of the atoms of a crystal 
may be such that reflections from these planes, though present, will be 
weak. It is therefore safe to use the presence but not the absence of a 
single planar reflection for distinguishing between space groups; for this 
same reason reflections from several forms must be examined before any 
of the criteria based upon the absence of reflections can be considered to 
be fulfilled. 

I n. W. G. Wvekoff. Am. .L Sci. A 17.^ 
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The application of these space group criteria will be illustrated by a de- 
termination of the atomic arrangement in cubic crystals of Zn(Br03)2. 6H2O. 
The S3mimetry of their Lane photographs is that of the point groups T 
and Ti rather than Te, 0 and Oi. An anatysis of the Laue photographic 
data in the usual fashion showed the presence of first order reflections 
having all kinds of indices. The fundamental lattice must therefore be 
the simple cubic lattice. A distinction (Table III) between the space 

Table III. The Chaeactebistic Diffeaction Effects of the Cubic Space Groups 

A. Space Groups based upon a Simple Cubic Lattice, in general all three kinds of 
planes appearing in all orders: 

1, Hemihedral Photographs: 

T— 1 and Ti— 1: No classes of planes absent; 

T— 4: Planes of the form [1001 absent in odd orders; 

Ti— 2: Planes of the form [Okll, where k and 1 are one even and the other 
odd, are absent in odd orders; 

Ti— 6: Planes of the form [hOl], where h is even and 1 is odd, and of the 
form [Okl], where k and 1 are both odd, are absent in the odd orders. 

2. Holohedral Photographs: 

Te— 1, O— 1 and Oi— 1; No classes of planes absent; 

Te— 4 and Oi— 3: Planes of the form [hkl], where h = k and either h 
is even and 1 is odd or both h and I are odd, are absent in odd orders; 

0—2: Planes of the form [100] are absent in odd orders; 

0—6 and 0—7: Planes of the form [100] are absent in all but the 
fourth, eighth, etc. orders; 

Oi —2: Planes of the form [Okl], where k is even and 1 is odd, and of the 
form [hhl], where either h is even and 1 odd or both h and I are odd, are 
absent in odd orders; 

Oi —4: Planes of the form [Okl], where k is even and 1 is odd, are absent in 
the odd orders. 

B. Space Groups based upon a Face Centered CvMc Lattice, in general planes having 
aU odd indices appearing in odd orders: 

1. Hemihedral Photographs: 

T— 2, Ti— 3 and Ti— 4: No classes of all odd planes are absent in the 
first order. Second order reflections are absent from Ti— 4 for planes of 
the forms [Ohl] and [hOl], where h is even and 1 is odd. 

2. Holohedral Photographs: 

Te— 2, 0 —3, 0—4, Oi-5 andOi— 7: No classes of all odd planes are absent 
in odd orders. From 0—4 only fourth, eighth, etc. orders from planes of 
the form [100] are present. Second order reflections from Oi — 7 are 
absent for planes of the form [Old] where k is even and 1 is odd; 

Te— 5, Oi— 6 and Oi-S: Planes “with all odd indices are present in odd 
orders except those of the form [hM], where h = =tk. Second order reflec- 
tions from Oi — 8 of planes of the form [Okl], where k is even and 1 odd, are 
absent. 
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C. Space Groups based upon a Body Centered Cubic Lattice, in general planes having 

two odd and one even indices appearing in odd orders: 

1. Hemihedral Photographs: 

X-3, T-5 and Ti-5: No classes of two odd and one even planes are 
absent; 

Ti-7: Planes of the form [Okl], where k and I are both odd, are absent 
from odd orders. 

2. Holohedral Photographs: 

Te— 3, 0—5, 0—8 and Oi-9: No classes of two odd and one even 
planes are absent in the first order. Reflections in the second order from 
planes of the form [100] are absent for 0—8; 

Te — 6: Planes of the form [hll], where i h is even and 1 odd, are absent 
in odd orders. In the second order planes of the forms [hhl], where either h 
is even and 1 odd or both h and 1 are odd, are absent; 

Oi-10: Planes of the form [Okl], where k and 1 are odd, and of the form 
[hll], where | h is even and 1 is odd, are absent in the first order. Reflections 
in the second order are absent for planes of the forms [hhl], where either h 
is even and 1 odd or both h and 1 are odd. 

groups built upon this lattice and giving hemihedral Laue photographs 
is to be made through a study of reflections from planes of the forms 
[Okl] and [hOl]. Examination of the Laue data reveals the fact that though 
numerous reflections from planes of the forms [Okl], where k is odd and 1 
is even, are to be found in the first order region, no reflections can be 
detected from planes of the forms [01k] or of the forms [Okh], where h also 
is odd. It is thus certain from Table III that the space group of 
Zn(Br03)2-6H20 must be Ti-6. Once this has been established an inspec- 
tion of the possible atomic positions under this space group, ' combined 
with the knowledge that four molecules are contained within the unit 
cube (as deduced from a reflection spectrum measurement and from 
Laue data), tells hnmediately that the only admissible arrangement of 
the atoms in this crystal is the following: 

Zinc atoms: 4b, 000; §f0; jOf; 0||. 

Bromine atoms: 8h, uuu; u + J, § — u, u; etc. 

uiju; i — u, u -1- 2 , u; etc. 

Bromate oxygen atoms: the 24 generally equivalent positions xyz; 
etc. 

Hydrate oxygen atoms: the 24 generally equivalent positions xyz; 
etc., with different values of the parameters x, y and z. 

Though this method of estabhshing the space group of a crystal 
is most useful, and, in fact, makes the determination of atomic arrange- 

^ R. W. G. Wyckoff, An Analytical Expression of the Results of the Theory of Space 
Groups (Washington, 1922), p. 127. 



DETERMINING THE STRUCTURES OF CRYSTALS 221 

ment easier for a complicated than for a simple cubic crystal, care must 
be taken in its application. Dependable results will be obtained from its 
full use only if the atoms in generally equivalent positions have appreciable 
scattering powers and do not approach too close to arrangements with 
other symmetry properties. Crystals of Ni(N 03 ) 2 - 6 NH 3 illustrate these 
dangers. Lane data obtained from them are in entire agreement with a 
structure having the S 3 mimetry of the space group Oi-5; but a chemically 
plausible arrangement cannot be found and calculation shows that a 
suitable structure based upon Ti--6 will not give diffraction effects which 
deviate by a detectable amount from the seemingly holohedral ones that 
are observed. 

Similar criteria will doubtless prove useful in the investigation of 
other than cubic crystals and in selecting between arrangements com- 
posed of atoms in special instead of general positions. Even in their present 
form the cubic criteria can often be successfully used to eliminate struc- 
tures without atoms in general positions. The calculation and classifica- 
tion of the diffraction effects from all possible atomic arrangements is an 
arduous task which will require a long time for its completion. Such 
knowledge, however, when it does become available will make possible 
much more powerful and more carefully ordered methods of analysis. 



Chapter VIII. A Brief Historical Outline of the 
Development of Existing X-ray Diffraction 

Methods 

It is impossible to give a perfectly fair historical account of the growth 
of methods of diffraction analysis — too large a part of progress in any 
field of science has its origin not only in the daily environment but in 
the chance contacts and discussions of those persons making it. For this 
reason ; if for no other, little more will be attempted here than a chrono- 
logical statement of the process by which existing methods have become 
available. 

The idea that X-rays can be diffracted arose from the interaction 
Detween the ver 3 ’- old theoretical view of a crystal as a regular and in- 
definitely extended arrangement of atoms or molecules and the prevailing 
hypotheses concerning the nature of the X-rays themselves. For many 
3 ^ears after their discovery, the fundamental character of X-rays was 
completely in doubt. many they w’ere supposed to be a corpuscular 
form of radiation (like the electrons, for example). Others thought that 
they were the irregular "'ether’' pulses called forth by electrons striking 
the target of an X-ray tube. Some considered them to be wave motions — 
longitudinal with great wave length, mixed longitudinal and transverse, 
transverse with very long wave lengths and transverse with very short 
wave lengths. In order to discriminate bet-ween these hypotheses various 
unsuccessful attempts were made to refract and to reflect X-rays. Further 
efforts to diffract X-rays through small apertures showed that if they 
were transverse wave motions analogous to ordinary light, as much of 
the existing evidence seemed to indicate, their wave lengths must be not 
appreciably greater than 10“® cm. The knowledge of the number of 
atoms in the gram molecule of a substance had already shown that the 
mean distance apart of the neighboring atoms in a crystal is of the order 
of 10~^ cm. With this information at hand and at a time when active 
attempts were being made to explain various optical properties of a crystal 
from the standpoint of structure theory/ M. Laue 2 suggested that if X-rays 
are such short waves, the regular arrangement of atoms which constitutes 

^ P. P. Ewald, Inaug- Dissertation, Munchen, 1912. 

^ M. Laue, W. Friedrich and P. Knipping, Sitzungsber. Bayer, Akad. Wiss. (Math.- 
phys. Hasse) 1912, p. 303; Ann. d. Phys. 4^9 971 (1913). 
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a crystal ought to act towards them as a kind of three-dimensional diffrac- 
tion grating. These ideas proved to be correct, for when the experiment of 
passing a pin-hole beam of X-rays through a thin section of copper sulfate 
crystal was tried/ the now familiar spot photograph (Chapter IV) was 
obtained. When subsequent observations had shown that the type of 
diffraction pattern thus prepared was dependent upon the crystal used 
and conformed to its symmetry requirements, a way became conceivable 
for the investigation of the internal constitution of crystalline solids. 

The subsequent development of orderly methods of structure determi- 
nation from’ tMs fundamental experiment has arisen through the use of 
information of both a theoretical and an experimental character. Ever 
since it became customary to look upon a crystal as an assemblage of 
atoms a chief concern of theoretical crystallographers has been the defini- 
tion of all the atomic groupings which could have the symmetry of crystals. 
This problem appears to have found its final answer in the completion of 
the theory of .space groups a little less than a decade before the discovery 
of X-rays. 

The origins of this theory lie in the beginnings of crystallographic 
thought.^ It commenced to assume definite and precise form, however, 
with the work of Frankenheim and Bravais upon space lattices. The 
lattices define merely the patterns according to which atomic groupings 
are repeated throughout space. They all possess the complete sjmmetry 
of the system to which they belong and it was necessary to search for an 
explanation of tetartohedral and hemihedral properties in the arrange- 
ment of the atoms within these atomic groups. After the growth of the 
mathematical theory of groups had made it possible, such an extension 
of the symmetry requirements to atomic positions was made by Sohncke. 
In this way be succeeded in defining all of the space groupings of symmetry 
elements which would give rise to ‘‘molecules^’ having the same shape 
and a like orientation throughout a crystal. The theory of space groups 
thus begun was completed by the introduction of the concept of an enantio- 
morphic arrangement of the atomic groupings through the almost simul- 
taneous efforts of E. Fedorov, A. Schoenflies and W. Barlow. To make 
them directly useful in determining the structures of crystals it has, 
however, been necessary not only to give the results of space group theory 
an analytical expression but to extend them to all possible atomic positions 
through the deduction of the special cases (Chapter I). 

1 M. Laue, W, Friedrich and P. Khipping, Sitzungsber. Bayer. Akad. Wiss. (Math.- 
phys. Klasse) 1912, p. 303; Ann. d. Phys. 971 (1913). 

* More or less detailed reviews of the development of the theory of space groups 
are given by L. Sohncke, Entwickelung einer Theorie der ElrystaUstniktur (Leipzig, 
1879) ; Barlow, Miers and Smith, Eeport Brit. Assoc, p. 297 (1901) ; E. W. G. Wyekofi, 
The Analytical Expression of the Eesults of the Theory of Space Groups (Washmgton, 
1922). 
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The resxiltiiig ability to write down all possible atomic arrangements 
for a crystal would be of no practical importance if it were not at the same 
time possible to distinguish between them. It is the ability of X-ray 
diffraction effects to make these distinctions to a greater or less extent 
which has brought the subject of crystal structure study out of the realm 
■ of pure speculation into the field of experimentaUy determinable science. 

Together with the observation showing the existence of the X-ray 
diffractions Laue presented a theory i to account for them as arising from 
the interference of trains of X-ray waves scattered by the atoms of the 
diffracting crystal. Zinc blende (ZnS) was treated in this way upon the 
assumption that it was built up of molecules arranged upon a simple cubic 
lattice and that the X-ray beam consisted of rays of five different wa,ve 
lengths. W. L. Bragg ^ showed that the data are more consistent with 
the hypothesis that the diffraction spots arose from the scattering of a 
beam of “White” X-rays by molecules having a face-centered grouping 
(in accordance with the demands of the now discredited valency-volume 
hypothesis of Barlow and Pope) ; he further proposed that the phenomena 
are more easily described as reflections from parallel planes of atoms 
within the crystal. This explanation implied that X-rays should be 
“reflected” from the faces of crystals and led to the development of the 
X-ray spectrometer.® Around this instrument has grown up the entire 
field of X-ray spectroscopy. At the same time the various crystal struc- 
tures suggested with its aid have focused attention upon the usefulness 
of diffraction methods in experimental investigations of crystal structure. 

An X-ray analysis of zinc blende and the accurate placing of the sulfur 
atoms in pjuite ^ emphasized the larger amount of information that can 
now be obtained from Laue photographs. The essence of these studies 
underlies most subsequent work with Laue photographs. 

From the experimental standpoint the third outstanding development 
has been the extension of diffraction methods to crystalline powders. It 
is natural that after diffraction effects had been produced with single 
crystals, attempts should be made to get them from all manner of sub- 
stances. They were sought from powders, liquids, fibers and substances 
in various other special states of aggregation. Though a sort of band was 
thus observed from a crystalline powder ® the use of heterochromatic X-rays 
made it impossible to obtain a clearly defined pattern. When later a tube 


* M. Laue; W. Friedrich and P. Enipping, Sitzungsber. Bayer. Akad. 'Wiss.CMath.- 
Phys. Klasse) 1912, p. 303; Ann. d. Phys. 41, 971 (1913). 

* W. L. Bragg, Proc. Camb. Phil. Soc. 17, 1, 43 (1912). 

» W. H. and W. L. Bragg, Proc. Roy. Soc. A. 88, 428 (1913). 

‘ P. P. Ewald, Ann. d. Physik U, 257 (1914); P. P. Ewald and W. Friedrich, ibid. 
44, 1183 (1914). 

‘ W. Friedrich, Physikal. Z. I4, 317 (1913). 
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operated to emit neaiiy monochromatic X-rays was employed, usable 
powder photographs became realities.^ 

A science of crystal structure determination began to arise when a 
meeting was effected between these experimental methods of diffraction 
study and the results of theoretical crystallography. At least two inde- 
pendent and only slightly related efforts to develop adequate methods of 
study have been made. One of these has arisen through contributions 
from several continental European workers (Ewald, Gross, Niggh, Schie- 
bold, Aminoff, etc.) ; the other, the essentials of which have been outlined 
in the preceding chapters and will be illustrated in Part II of this book, 
had its origins in early attempts of S. Nishikawa 2 to use space group 
results in studies of crystal structure. 

ip. Debye and P. Scherrer, PhysikaL Z. 17 , 277 (1916); A. W. Hull, Phys. Bev. 
10 , 661 (1917). 

2 S. Nishikawa, Proc. Math. Phys. Soc. Tokyo 8 , 199 (1915). 




PART II 

THE RESULTS OF CRYSTAL ANALYSIS 




Chapter IX. An Introduction to the Discussion 
of Existing Crystal Structure Results 

In the preceding chapters the available methods for determining 
atomic positions in crystals have been reviewed and a procedure has 
been outlined which in its essence is apphcable to the investigation of all 
crystals. Largely because of the problems involved in a choice of the 
true unit cell the satisfactory assurance of correctness achieved through 
a treatment of all possible atomic arrangements has been obtained only 
for cubic crystals. The simplest arrangements which are in agreement 
with the attainable diffraction data have been deduced for a few crystals 
of hexagonal and tetragonal symmetry; their degree of probable correct- 
ness is very large in some cases but it has not been exactly evaluated. 
Inasmuch as an experimental selection between geometrically possible 
unit cells can now be made, little weight can, or wiU, be attached to the 
results of crystal structure studies which do not choose between thepe 
units using all significant attainable data. 

If it were true that the geometrically simplest arrangements or those 
which seemed simplest in the light of the existing chemical and other 
preconceptions are the correct atomic arrangements in crystals, then a 
great emphasis on the necessity of treating experimentally aU possible 
atomic arrangements would perhaps be of only formal interest. The 
reliable data show, however, that such is not in fact the case. Thus 
simple crystal structures which seem chemically and crystallographically 
plausible can readily be imagined for pyrrhotite of the composition FeS 
or for carborundum (CSi); nevertheless the actual atomic arrangements 
in both appear to be much more complicated. The worthlessness of ap- 
parent chemical analogies and relationships as a means of predicting 
crystal structures finds many illustrations. For instance silver and 
cuprous oxides have the same structure but the cuprous halides have one 
atomic arrangement (the zinc sulfide grouping), silver chloride and bromide 
have another one (the sodium chloride grouping) which is in turn different 
from the stable modification of silver iodide (the zinc oxide arrangement) ; 
similarly ah of the cesium halides have an ammonium chloride-like 
structure except the fluoride which resembles the other alkali halides in 
being structurally isomorphous with sodium chloride. This present 
failure of prediction as applied to the results of crystal analysis is the 

229 



230 


THE STRUCTURE OF CRYSTALS 


greatest encouragement to pursue its development; for if its results could 
be foretold experimental studies with X-rays would have little, while in 
reality they must eventually have much, to contribute towards the prob- 
lems of the laws governing atomic combination. 

At the same time the impossibility of prediction must mean that only 
those crj-stal structures can be treated as authentic and reliable for which 
the determinations of atomic arrangement have been made unique. Such 
unique structures, in the search for which every possible atomic grouping 
will have been considered in detail, can only be achieved through the 
use of the results of the theory of space groups in some such general pro- 
cedure as has been outlined in Part I. For this reason there is no 
alternative in the subsequent discussion of the existing crystal structure 
data but to apply to them and to their results the criteria of correctness 
and uniqueness which this point of view implies. An effort has been 
made to treat all of the useful crystal structure data from this one stand- 
point. In the case of cubic crystals the steps required for the deduction 
of the con’ect atomic arrangement are outlined for each crystal; in the 
deduction of possibly correct structures for other crystals an attempt 
has been made to state clearly the limiting assumptions that have been 
used. In this way it is sought to make the existing crystal structure 
information as nearly homogeneous a whole as is now possible. It is a 
consequence of this mode of treatment that the data of various investi- 
gators have been approached from a standpoint not their own and that 
the responsibility rests with the present writer in all cases for the form, 
and in many instances for the substance of the arguments based upon these 
measurements- 

The available data prove that unaided powder observations may lead 
to erroneous determinations of structure for even simple crystals; thus 
agreement in position to the extent of 20 lines has been found with a 
simple cubic structure for lithium iodide (Lil) from a material which 
was not anhydrous lithium iodide and can scarcely have been cubic in 
symmetry. Other examples of the same sort are frequently encountered. 
The existing information likewise shows that spectrometric observations 
as ordinarily carried out may lead to totally incorrect atomic arrange- 
ments through the recording of extraneous reflections: the alums and 
some data from sodium chlorate {19B1, 37) supply such instances. It is 
consequently necessary to exclude from detailed consideration all those 
diffraction studies which consist solely of spectrometer observations made 
in the usual way. 

In discussing the diffraction data from crystals it is necessary to have 
some order in presentation. It is preferable that this order be one suffi- 
ciently elastic and comprehensive to include future investigations as well. 
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Such a scheme of classification is already available in the ones used for 
crystallographic description. Of these the two most widely used are 
probably those of Dana (System of Mineralogy) and of Groth (Chemische 
Kristallographie) . Both are, perhaps of necessity, more or less arbitrary 
in their groupings of related crystals. Although that of Groth is in many 
respects the less natural, it has for the present purposes the great advantage 
of including organic crystals; hence its major outlines will be foEowed. 

The next four chapters will be devoted to a consideration of diffraction 
data which have been used for crystal structure determinations and to the 
description of the atomic arrangements which can be legitimately deduced 
from these data. One of the two concluding chapters (XIV) will be given 
over to a description of the various kinds of diffraction effects which have 
been observed from matter in other than the crystalline state of aggrega- 
tion; Chapter XV discusses briefly some of the uses to which diffraction 
data and the resulting crystal structure knowledge have been put. Many 
of these applications to the older branches of science (for instance the 
study of alloys and of minerals) are just beginning; others, such as the 
bearing of crystal structure data upon the existence of “cubicaP' (or other 
^‘stationary"' electron) atoms are undoubtedly of only passing interest. 

The literature references of Past II are contained in the bibliography 
which forms Supplement I. The titles of this bibliography have been 
arranged by years and are referred to throughout the text of the subsequent 
chapters by making, for example (1918^ 1) relate to the first paper listed 
(in this collection) for the year 1913. 



Chapter X. The Crystal Structures of Elements 
and of Metallic Alloys 

The Diffraction Data Upon Elements of Group I 

The Alkali Metals.— Powder photographic, but no other, data have 
been obtained from lithium, sodium and potassium. Metallic potassium 
3 delds only a general blackening at ordinary temperature (1917 ^ 9) but 
crystalline diffraction is definite at — 150° C, although the individual 
crystals were too large to give a good powder photograph. This failure 
of potassium at room temperature to furnish a crystalline diffraction pat- 
tern has been interpreted to mean that it is amorphous. Well defined 
crystals of potassium have, however, been grown from the molten metal 
and potassium has a definite and sharp latent heat of fusion and melting 
point. Its giving only amorphous scattering is then probably to be at- 
tributed rather to the large amplitudes of thermal agitation of its atoms 
than to any lack of order in their arrangement. Cooling of such a material 
should result in the successive appearance and gradual strengthening of a 
crystalline pattern at the expense of the general blackening. This experi- 
ment has not yet been tried upon potassium. Sodium, however, with a 
higher melting point shows such a poor crystalline pattern upon a much 
blackened background. ^ 

The data from two studies of lithium, though meager, are in sub- 
stantial agreement with one another. An examination of another speci- 
men gave additional lines which were not identified (1917 y 9) but probably 
are to be ascribed to a hydration or other alteration product.^ If it is 
assumed that these metals have cubic symmetry, the positions of the 
powder lines from lithium and sodium combined with their densities show 
agreement with the reflections from planes with simple indices when 
m/n® = 2. Reference il9B2, 111) to space group tabulations shows that 
the only cubic arrangement possible for two like atoms is the simple body 
centered one [2a] with the coordinates: 

000 ^ Ow 

^ The observed failure of sodium prepared from molten metal to give any diffraction 
lines may have been due not to its lack of crystallinity but to the presence of only a very 
few crystals in the ^ecimen. 

® The ease with which these extraneous lines could be given the indices of a cubic 
crystal is an mterestiag illustration of the dangers of unaided powder spectroscopy. 
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The approximate intensities of powder reflections from such an atomic 
grouping can be found by use of expression (26), of Chapter VI, to possess 
the following characteristics: 

I cc (d/n)^'®® [N (1 + cosxn {h + k + 1})]- X j • ■ • f30). 

When n is odd: 

I = 0 if h, k and 1 are either two even and one odd or all odd, 

I oc (d/n)®-®® [2N]® if h, k and 1 are two odd and one even. 

When n is even: 

I oc (d/n)®-® [2N]® always. 

It will be seen from this expression that no matter what may be the atomic 
number N of the scattering atom the relative intensities, which alone 
can now be measured, of reflections from all crystals with this atomic 
arrangement will be the same (assuming, of course, that the atoms can 
always be treated as dimensionless scattering centers). 

RELATIVE SPACING 



Fig. 146.— The relative intensities of the principal powder reflections from a body 
centered” cubic arrangement of atoms [2a], as calculated from expression (30), ate 
connected by the dashed lines of this figure. The obsei^ed relatiTe mtensitiee ^f 
powder lin^ of metallic lithium and sodium are shown by the crosses and op^n circles. 

The relative intensities of the most important reflections calculated 
with expression (30) and reduced to a scale showing the intensity of the 
strongest observed line as ten are connected by the straight lines of Figure 
146. The intensities of published powder data on sodium are shown upcm 
the same scale -as open circles; the lithium data (crosses) were^repa^d 
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for comparison by writing the following numbers for the published letter 
intensities; zs == 10, s = S, ms = 6; m == 4. 

The published intensit}^ data upon powder photographs, even those 
expressed according to a numerical scale, are for the most part mere 
visual estimations. Not only for this reason but because expression (30), 
in its use of the normal decline cannot be strictly accurate, it is difficult 
to know ho\? close an agreement to expect between calculation and obser- 
vation. The fact that careful intensity estimates upon both light and 
heavy atoms (see, for instance, the data upon beryllium and iridium) 
fall closely upon their calculated values, when taken in connection with 
the accumulated experience on well-established structures, seems definitely 
to require that for planes with large spacings (the ones most commonly 
considered in poTvder photographs) the sequence of observed intensities 
will not deviate from those calculated. This is in reality a sensitive 
criterion for, while visual estimations of absolute intensity cannot be of 
more than the roughest sort, it is easily possible to detect slight differences 
in the relative intensities of two lines. 

The agreement of intensities for both lithium and sodium with the 
simple structure [2aJ are probably as good as the assumptions and the 
character of the observations require. It may consequently be concluded 
that if their crystals are cubic and have simple structures (the few data 
obtainable indicate both to be true) then the arrangement of their atoms 
must be the ''body centered^' one shown in Figure 147* 



147. — The unit cell of the *^body centered” cubic arrangement of atoms, [2a]. 

Lithium, (1917^ 9; 1921, 13). The length of the edge of the unit 
cube- containing two atoms is found to be 3.50 A°. One set of these data 
(1921, I'S) has been made the basis of an extended discussion of possible 
electronic arrangements in lithium atoms (1923, 13). 
y Sod'km (1917, 9). The length of the edge of the unit cube containing 
two atoms is said to be 4.30A‘^. 
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Potassium {1922, 58). No data have been published upon this crystal, 
but it is said that the observations at -- 150° C agree best with a body 
centered structure (Figure 147) for which ao = 5.20A°. 

The Sub-group Elements. — Spectrometer measurements have been 
made on all three metals — copper, silver and gold. Powder reflections 
have been recorded from metaUic gold and it has been reported (without 
any data) that similar observations upon the other two metals are in 
accord with their spectrometer data. Crystallographic measurements of 
face development on crystals of all three metals indicate cubic symmetry. 
The diffraction observations agree with this symmetry and together with 
the known density yield a value of m/n^ = 4. No data are found to show 
that m is greater than four. The following are the only possible cubic 
arrangements of four chemically like atoms within a unit {1922, 111): 


[4a] 

[4b] 

[4f] 

[4g] 

[4b] 


uuu; 

000 ; 

uuu; 

000 ; 

000 ; 


utiu; uuu; utiu. 

iin- ini* 

2 2U2? ^2 2* 


u + ^ 


_ 1 _ 
2 ; 2 
11 ^. 311 , 
24 : 4 ; 424 ; 

111 . 111 . 
^4 4 ; 4 2 4 ; 


u, ti; u, u + i 


u: * 


ill 
4 42 - 

111 
4 4 2 - 


u, ti, u + 


For all three metals odd order reflections are absent from planes with 
two odd and one even or two even and one odd indices. Consequently the 
failure to find first order reflections from (110), for instance, eliminates 
[4g] and [4h]; a similar use of the appropriate form of expression (20) shows 
that (contrary to the results of experiment) odd order reflections having 
other than all odd indices will appear from [4a] or [4f] unless u has values 
which make these arrangements approach [4b]. If the structures of these 
metals are simple ones containing four atoms within the unit (as the data 
indicate), their atomic arrangement must then be either [4b] or an indis- 
tinguishably close approach to it. 

The phase factor, (A® + B^), of expression (20) will have the following 
form for [4b] : 


When n is odd; 


( 31 ) 


A = 0 if h, k and 1 are either two even and one odd or two odd 
and one even, 

A = (4N) if h, k and 1 are all odd; 


When n is even; 


A = (4N) always. 

The B term in all cases equals zero. 

Thus from [4b] there will be present only all odd reflections in the odd 
orders and aU sorts of reflections in the even orders. The sequence of 
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reflections in. a powder photograph to which this arrangement would 
give rise is shown graphically by the points connected by straight lines 
in Figure 151 [assuming expression (26)]. It is obvious from the form of 
(31) that these relative intensities will be the same for all crystals having 
this atomic arrangement. 

Copper, The reflections obtained from the (100), (110) and (111) faces 
of a single crystal {1914, 10) a,gree with the requirements of this '^face 
centered'^ cubic arrangement [4b] (Figure 148). From these data the 



Fig. 148. — The unit cell of the ^'face centered'^ cubic arrangement of atoms, [4b]. 

length of the edge of the unit cube is ao = S.flOA*^. A pqwder spectrometer 
measurement from a sheet of copper is said to give ao = 3.628A° {1923, 
72). Besides reports of powder measurements unaccompanied by data^ 
a study of the solid solutions of copper and gold {1922, 52) has shown that 
the powder pattern of copper is analogous to that of gold. From this 
last study ao for copper is found to be 3.615A°. 

Silver, Spectrometer measurements {1916, 30) similar to those made 
upon copper have been carried out upon natural crystals of silver. They 
show that the only possible simple structure is either [4b] (Figure 148) 
or a very close approach to it; from them the value of ao is 4.06A'^. Powder 
measurements incidental to studies of the alloys of silver with palladium 
and silver with gold {1922, 63) have given (no detailed data on silver) 
ao = 4.08A°. Sputtered silver films are crystalline {1921, 60) and yield 
the usual powder pattern. The information upon evaporated films is 
contradictory, one observer finding a crystalline pattern {1923, 84), the 
other {1921, 60) seeing none. Colloidal suspensions of silver have been 
found to be crystalline with the same atomic arrangement that prevails 
in the macrociystalline metal {1920, 52). 

Gold. A single reflection {1916, 31) from an octahedral face gives 
ao = 4.07A°. Powder data from alloys with silver (1922, 63) are said to 
yield ao == 4.075A° (no data recorded upon gold). The powder reflections 
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listed in Table I give ao == 4.07A'^ (WBO, 52). The calculated intensities 
of these lines were obtained with expression (31); a comparison between 
them and the estimated intensities shows excellent agreement with the 


Table I. 

Intensities of Powbee Reflections 

FROM Gold 


Inxensitt 


Indices 

Observed 

Calc, for [4bJ 

111(1) 

strong 

10 

100(2) 

medium strong 

5.4 

110(2) 

medium 

4.7 

113(1) 

strong 

6.5 

111(2) 

medium weak 

1.9 

100(4) 

medium weak 

1.0 

133(1) 

medium 

3.3 

120(2) 

medium 

3.2 

112(2) 

medium strong * 

2.6 

115(1) f 
111(3) S 

strong * 

3.1 


requirements of arrangement [4bl (Figure 148) except for the last two 
reflections (marked with an asterisk). These reflections took place 
through such large angles (20 > 90°) that they should be more intense 
than the calculations based upon (26) would suggest. Sputtered films of 
gold (19^1, 60) furnish the same powder pattern as precipitated metal. 
Diffraction measurements have also been used to determine the particle 
sixe in samples of colloidal gold (see page 375). 

The Elements of Group II 

Powder photographs have been prepared from the two transitional 
elements — beryllium and magnesium — ^from the alkaline earth metal 
calcium and from zinc, cadmium and mercury. 

The Transition Elements. — Crystallographic study indicates that 
magnesium is hexagonal with an axial ratio of a : c = 1 : 1.624. Its pow- ^ 
der photographs agree with this symmetry and axial ratio. Photographs 
from beryllium also fit with an hexagonal structure for which a : c == 

1 : 1.580. Besides the powder measurements individual crystals of mag- 
nesium have yielded a few spectrum photographs. These data in them- 
selves are not suflScient to permit a satisfactory determination of atomic 
arrangement. Iridosmium, a natural alloy of iridium and osmium, seems 
to be crystallographically isomorphous with magnesium (for iridosmium 
a : c = 1 : 1.590). If it is assumed that the two metallic crystals have 
the same type of atomic arrangement, then a combination of the available 
Laue data from iridosmium (1921, 4) with the powder measurements upon 
magnesium permits the following treatment: 
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The Laue photographs appear to arise from untwinned specimens; if 
such is the case their complete hexagonal symmetry means that the crystals 
belong to one of the point gi'oups 6d, 6e, 6D or 6Di. These Laue data 
are thought not to conflict (the agreement could be improved) with a unit 
cell having the customary orientation and axial ratio. Taking a similar 
unit for magnesium and beryllium, the follovdng arrangements are possible 
(1922, 111) for the two atoms contained in such a cell: 

[a] OOO; OOu (or, OOu; OOu). 

[b] 000; OOi 

[c] 000; ifO (or, Hu; liu). 

[d] 000; HI (from. Hi; I If)- 

Arrangement [a] arises from the space groups 6d — 1, 6d — 3, 6D — 1, 
6Di — 1; the others come from these and other space groups isomorphous 
with 6d, 6e, 6D and 6Di. Grouping [b] is obviously only a special case of 
[a]. 

The intensity expressions (according to (26)) for powder reflections 
from these arrangements will have the following forms: 

(aO I oc (d/n) X i X (1 + cos 2ffn 1)^ + (sin 27rn 1)^] 

(cO I oc (d/n)^»» X j X [NHl + cos 2Tn H-h + f k })2 + 

N* (sin 2irn Hh + |-k})=] 

(dO I o: (d/n) X j X C(1 + cos 2^n { ih + I k + ^1})= + 

(sin 27rn {-l-h + fk+^l })^J (32) 

The estimated intensities of all the observed powder lines of beryllium 
(1922, 59) and magnesium (191 7, 6, 9) down to 21 • 0(1) are shown in Figure 
149. Expression (a') indicates that for the same order n all planes with 
the same 1 index will have the same phase factor; though 10-1(1) is the 
strongest line in the powder photographs, such simple reflections as 
00-1(1) and 11-1(1) are entirely absent. As a consequence [a] and [b] 
are immediately eliminated. The failure of these same planes to reflect 
also shows grouping [c] to be impossible. It remains therefore to see how 
closely the existing diffraction data accord with [d]. One of the properties 
of [d] is the absence of odd order reflections from 00-1 and from hh-1 if 1 
is odd; these requirements are fulfilled by the data from beryllium, mag- 
nesium and iridosmium. The calculated intensities of the strongest 
reflections to appear from the first two, if the arrangement is [d], are con- 
nected by the dotted lines of Figure 149. As is true of the other structures 
for metals these relative intensities may be expected to be the same for all 
crystals having this atomic grouping. The agreement between experi- 
ment and calculation is excellent for beryllium. ^ Except for the apparent 

^ The reflection from 10-3(1) should not, however, be appreciably less than that of 
11 - 0 ( 1 ). 
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absence of a 00*1(2) reflection the data for magnesium are satisfactory. 
Such a 00-1(2) reflection was observed in the spectrum photographs 
{1917, 9). If its faintness is real one of two conclusions seems necessary. 


RELAHVE SPACING 

ut io O} 



o*s Beryllium Magnesium 

Fig. 149. — The calculated relative intensities of the prmcipal powder reflections from 
the hexagonal close packed arrangement, [d], with axial ratio a : c = 1 : ± 1.60, are 
connected by the dashed lines of this figure. The observed relative intensities of 
powder lines of magnesium and beryllium are shown by the crosses and open circles. 

Either the atoms in metallic magnesium have a definite orientation with 
respect to the crystal structure and their atomic structures are such to 
depress the intensity of this reflection (an alternative which, though it 
cannot be conclusively disproved, is made improbable by the mass of 
existing diffraction data) or else one or more of the assumptions used in 
deducing the structure of magnesium crystals are not justified and the 
correct atomic arrangement is not the one which has been discussed. 
Thus it might be that magnesium has only three-fold symmetry so that 
the z-parameter of arrangement [d] can assume some other value than one 
half; or the correct atomic arrangement may be built upon some other 
of the crystallographically possible unit cells. For these reasons additional 
powder- observatior^s upon magnesium are needed. 

In the light of the preceding discussion the avaOable knowledge of the 
structures of beryllium and magnesium can be summarized as follows: 

Beryllium {1922, 59 ), — The powder data are in satisfactory agreement 
with arrangement [d] (Figure 150). The dimensions of the unit cell thus 
containing two atoms are determined to be: ao (the base) == 2.283A°; 
Co (the height) == corresponding to the usual axial ratio a : e = 

1 ; tm. 
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Magnesium . — Except for an unaccountable weakness of the 00-1(2) 
reflection, the powder data and some reflection spectra from individual 
crystal faces agree with arrangement [d] (Figure 150). According to 
different determinations the unit cell of this structure has the dimensions: 



Fig. 150. — The unit cell of the hexagonal closest packed arrangements, [d]. 


ao = 3.22A°, co = 5.23A° {1917, 6, 9); ao = 3.23A°, Co = 5.25A° {19$0, 3); 
ao = 3.17A°, Co = 5.17A° (19£S, 72). 

The Alkaline Earth Metals . — Calcium {1920, SS; 1921, 51f}. On the 
basis of very fragmentaiy crystallographic observations metallic calcium 
has been supposed to possess hexagonal sjonmetiy; its powder diffraction 


RELATIVE SRACING 
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Fig. 151. — ^The calculated relative intensities of tiie principal powder lines from the 
^^face centered” cubic arrangementj [4bl, are connected by the dashed lines of this 
figure. The observed relative intensiti^ of the chief powder reflections from aluminum 
and calcium are shown by crones and open circles. 
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lines, however, agree in position with those of a cubic structure containing 
four atoms within the unit cell. In these powder experiments a comparison 
photograph of calcium oxide was used to eliminate effects due to direct 
oxidation of the metal powder. As Figure 151 shows the powder data 
are in excellent agreement with the face centered arrangement [4b] that 
has been discussed for copper, silver and gold. A repetition of the con- 
siderations of their previous treatment then will show that this structure 
(or an indistinguishably close approach to it) is the only possible one if, 
as the data seem to show, calcium is cubic and has a simple atorrdc arrange- 
ment. The length of the edge of such a unit cube (Figure 148) has been 
determined to be ao = 5.56A°. 

The Sub-group Elements. — ^The powder photographs from the first 
two of these metals — zinc and cadmium — have the same general character- 
istics as those from magnesium and beryllium; it has consequently been 
supposed that they have the same hexagonal arrangement [d]. For zinc 
the axial ratio corresponding to this structure must be a : c = 1 : 1.860 
rather than the crystallographically measured a : c = 1 : 1.356. This 
observation indicates that the inversion which takes place as zinc is cooled 
from its melting point does not destroy the crystal outlines of the high 
temperature form. Presumably for the same reason the axial ratio deduced 
from powder photographs of cadmium is different from that arising from 
a study of its external form. The two independent studies of crystalline 
mercury only agree in making it hexagonal with a structure different from 
the closest packing [d] supposed to prevail for the other hexagonal metals* 

Zinc {1921, 55). — The extent of the agreement between the observed 
intensities of reflection and those calculated for the arrangement 

000 ; m 

is shown in Figure 152. Though these intensities are satisfactory for 
planes with the largest and with small spacings, the reflections 10-3(1), 
11-0(1), 11-2(1) and perhaps 20-1(1) cannot be so intense as these esti- 
mates indicate if the correct structure is exactly [d]. - For this reason a re- 
examination of powder reflections is imperative before [d] can be finally 
accepted as probably correct. Measurements upon the powder photo- 
graphs show that the unit cell containing two atoms will have the dimen- 
sions: ao = 2.670A°, Co = 4.966A°. An extensive study has been made 
of the phenomena accompanying the stretching of wires of zinc {1922, 57). 

Cadmium {1921, 55). — The positions of the powder lines of cadmium 
conform to the demands of an arrangement [d] (Figure 150) which has the 
axial ratio -a : c = 1 : 1.89 instead of the crystallographically determined 
a : c = 1 : 1.335. The extent of the agreement between observed inten- 
sities and those calculated for this closest packed structure is shown in 
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Figure 152. Except for too rapid a decline of intensity with spacing, 
which perhaps is due to absorption in the diffracting sample, the powder 
data fit very satisfactorily with the requirements of this simple structure 



xssZtnc o=s Cadmium 


Fig. 152. — A plot comparing the observed relative intensities of the principal powder 
lines of zinc and cadmium with those calculated for an hexagonal close packed arrange- 
ment, [d], having the axial ratio a : c = 1 : ± 1.89. 

(Figure 150). The dimensions of its unit ceU, as deduced from these data, 
are: aa = 2.980A°, Co = 5.632A°. 

Mercury . — Two independent powder investigations have been made 
upon solid mercury. In one of them {1922, 1) the entire spectrograph was 
imbedded in solid carbon dioxide; for the other photographs {1922, 65) 
the specimen was maintained at the temperature of about —115° C. 
As the data of Table II make clear, there is utter disagreement between 
the experimental results of these two studies. Only future work can tell 
whether this is due to the existence of an inversion somewhere between 

Table II. Meecury Powder Reflections with Greatest Spacings as Found by 
Ai^bn and Aminopp McKeehan and Cxofei 



1ELwka.qoixjlU 


RhOMBOHEDKAI/ 

SpAcnfcis 

Indices 

Spacikgs 

Indices 

3.62A® 

00-1(2) 

2.771A° 

100(1) 

3.37 

10-0(1) 

2.255 

111(1) 

3.02 

10-1(1) 

1.750 

101(1) 

2.46 

10-2(1) 

1.474 

lllCD 

1.95 

10-3(1) 

1.379 

210(1) 

1.92 

11-0(1) 

1.235 

221(1) 

1.805 

00*1(4) 


1.705 

11-2(1) 
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the temperatures of these two investigations. One set of data (192^, 65) 
has been supposed to agree with a simple rhombohedral arrangement of 
atoms; the other {1922, 1) has been interpreted in terms of an hexagonal 
structure containing four atoms in the unit cell. The photographs from 
both experiments are said to be poor; no intensity measurements are 
furnished by which the second study may be judged. More work is obvi- 
ously needed before reliable conclusions can be drawn concerning the 
structure of solid mercury. 

The Elements of Group HI 

Powder data are available from aluminum and indium; though no 
further analysis was attempted, it has been shown that the strongest 
reflections of gallium are not those to be expected from a cubic crystal.^ 

Aluminum , — The positions of the observed powder reflections conform 
to the requirements of a cubic crystal containing four atoms in the umt. 
As Figure 151 shows the intensities (1917, 9) of these lines fit well with 
those calculated for arrangement [4b] (Figure 148). The length of the 
edge of such a unit cell has been variously found to be 4.05A^ (1917, 8, 9), 
4.07A^ (1918, 25) and 4.040 0.005A^ (1922, 52). 

Indium {1921, 5S), — A. powder photograph of indium has been inter- 
preted to indicate that its atoms have a face centered arrangement in a 
tetragonal prism with the axial ratio a : c = 1 : 1.06. The data do not, 
however, seem suflBcient to assure the probable correctness of this structure. 

The Elements of Group IV 

The Transition Elements, — ^X-ray diffraction patterns have been pro- 
duced from many specimens of carbon. Except for those from the dia- 
mond only the diffraction lines characteristic of graphite were found in 
these experiments. In many kinds of “amorphous carbon, however, the 
individual crystals are so extremely minute that their reflections are much 
widened. Both crystalline silicon and the so-called “amorphous product 
have invariably been foirnd to give the diamond type of pattern. 

Carbon as Diamond (1913, 6; 1917, 9 ). — Enough data are at hand to 
establish with great certainty the atomic arrangement in the diamond. 
Both crystallographic and optical examinations leave no doubt of its cubic 
character. Reflections from an octahedral face combined with the density 
show that m/n^ = 8. The data from the early Laue photographs, which 
are confirmed by powder measurements, give no reasons for taking a umt 
containing more than eight atoms. 

^ This statement is the result of measurements by the writer which have not yet been 
described in detail. 
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There are several WB.ys (1922, 111) of arranging eight atoms so that they 
will have cubic symmetry* In order to abbreviate the treatment at this 
point it will be considered that these atoms are crystallographically as well 
as chemically alike; the other possibilities arising from an assumption of non- 
equivalence of all eight atoms can be eliminated by the same procedure 
which will now be applied to the case of eight like atoms. Of those struc- 
tures having no variable parameters [8e] and [8i], (1922, 111), are alike; 
they are merely twice-scale reproductions of an arrangement [la] built of 
atoms at the corners of the unit cell. Since first order reflections from an 
eight atom unit are observed, this grouping must be eliminated. Similarly 
the enantiomorphic arrangements [81] and [8m] are excluded by the 
presence of first order reflections from planes with all odd indices. The 
only remaining structure ([Sg] is the same grouping), 


[8f] 


000; 0|J; |0|; ||0; 


ill- 

444 ; 


ill* 113. 3^1 
444 ; 444 ; 444 > 


gives the following values to A and B of expression ^20) : 

A = N[1 + cos Trnfh + k) + cos xnCh + 1) + cos 7rn(k + 1) + cos |- 
irn(h -f- k -j- 1) “b cos f 7rn(h -f- 3 k + 3 1) + cos f 7rn(3h -f- k -}- 3 1) 4- 
cos I 7m(3 h + 3 k + 1)]. 

B = N[sin I Trnfh -f- k + I) -f sin | 7rn(h -f- 3 k -f- 3 1) -|- sin J xn 
(3 h -f- k -f- 3 1) -f- sin § TrnfS h -f- 3 k -|- 1)]; (33) 


When n is odd; 

A == 4N; B = 4N, if the indices are all odd, 

A = B = 0, if the indices are two even and one odd or two odd 
and one even. 


When n is even: 


If the indices are all odd or two even and one odd, 

A = B_j= 0 when n = 2, 6, etc. 

A = 8N, B == 0 when n = 4, 8, etc. 

If the indices are two odd and one even, 

A = 8N, B = 0 for aH even values of n. 

From these expressions (33), it follows that atoms in the positions of [8f] 
will give odd order reflections only from planes with all odd indices; 
second, sixth, etc., orders will appear only from planes with two odd and 
one even indices; fourth, eighth, etc*, orders are found for all planes. 
The reflections observed in Laue photographs and with the spectrometer 
(191S, 6) agree with these requirements; powder photographs (1917, 9) 
give more effectively the same results. It could be shown that the several 
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arrangements with variable parameters cannot exactly meet these require- 
ments unless u has a value which converts them into [8f] or [8g]. It there- 
fore seems legitimate to conclude that the atomic arrangement in the 
diamond is either exactly [8f] (Figure 153) or an indistinguishably close 
approach to it. 

A comparison between the observed and the calculated intensities of 
powder reflections from the diamond (1917, 9) is of great interest not 



merely because of the few electrons in the carbon atom but because four 
of its six electrons should be shared by neighboring atoms if interatomic 
electron bonds actually exist. Except for too weak a 110(2) reflection, 
the intensities calculated according to (26) for [8f] are in surprisingly good 
agreement with observation (Figure 154). The apparent absence of any 
111(2) reflections has been supposed (1918, 11; 1920, 37) to indicate that 
electrons are not held in common by atoms in the diamond; in the face of 
our present inability to evaluate the effects of thermal agitation upon 
such weakly bound electrons, this conclusion is scarcely a necessary one. 
More recently it has been said that spectrometer observations (1921, 18) 
show evidence for the existence of such a reflection; if actually present it 
will be the only direct evidence from crystal analysis for the existence of 
bonding electrons and it will constitute the only known case of diffraction 
effects having 'podtiom which are not completely determined by the 
oXomic arrangement. The importance of this result and the possibility 
of error inherent in the usual spectrometer technique suggest that additional 
spectrographic observations should be carried out. 
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The two determinations of the length of the edge of the unit cube 
containing eight atoms ai*e: ao = 3.55A° (1913, 6) and (1917, 9). 

Carbon as Graphite.— Ho thoroughly satisfactory crystallographic 
determination of the symmetry of graphite has ever been possible. The 
best indications^ together with a Laue photograph (1914, YI), and all of the 
existing poivder data agree with its assignment to the hexagonal system. 
On the basis of powder measurements alone^ two different atomic arrange- 
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Fio. 154.^ — The calculated relative iuteusities of the principal powder reflections from 
the diamond cubic arrangement [8f], are connected by the dashed lines of this figyre. 
The observed relative intensities of powder lines of carbon (as diamond) and silicon 
are shown by the crosses and open circles. 


ments have been suggested. One (1916, b; 1917, b) h a rhombohedral 
structure of considerable complexity; other powder data (1917, 9; 1922, 
46) are held to contradict this grouping and to yield an atomic arrange- 
ment which is hexagonal. It is essential not only that this disagreement 
be removed but that an adequate treatment based upon the results of 
space group theory be offered before any structure can be accepted for 
graphite. 

The more or less complete graphite patterns (1922, 6) that are obtained 
with amorphous^' carbon from many different sources will be discussed 
in Chapter 

Silicon . — Several statements of structure, all based upon powder data, 
^ve silicon the diamond arrangement [8f]. The lines of these photographs 
are the ones to be expected from [8f] (Figure 153) ; their observed intensities 
are in excellent accord with the intensities calculated for it through the 
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use of expressions (26) and (33) (Figure 154). These studies yield the 
follomng values for ao, the length of the edge of the unit cube: 5,46A° 
(19ie, 5); 5.41 A° (1929, 37); 5.40A° (1921, 46) and 5.43A° (1917, S, 9). 
Powder reflections show that specimens of amorphous’^ silicon are 
crystalline with this same diamond arrangement (1916, 5; 1922, 37). 
Thus whereas the graphite structure, whatever it may be, is the usual one 
for carbon, it has never been found for silicon. 

The First Sub-group Elements. — Powder data, as yet unpublished 
except for one study of thorium, have been made the basis of structure 
assignments to the elements titanium, zirconium, cerium and thorium. 
The first three are said to have the hexagonal structure [d] (Figure 150). 
The data from thorium are those to be expected from a face centered cubic 
arrangement [4b] (Figure 148). Cerium is said to have a face centered 
cubic as well as the close packed hexagonal structure. 

Titanium (1920, S3; 1921, 56 ). — The lengths of the edges of the unit 
prism (Figure 150) are given as: ao = 2.97A°, Co = 4.72A'^, corresponding 
to the axial ratio a : c = 1 : 1.59. Data are needed before this structure 
can be properly evaluated. 

Zirconium (1921, 56 ), — The dimensions of the unit cell (Figure 150) 
have been stated to be: ao == 3.23A'^, co == o.llA'^ corresponding to the 
axial ratio a : c = 1 : 1.59. Experimental data are needed. 

Cerium (1921, 56 ), — ^A close packed hexagonal structure with the fol- 
lowing dimensions has been described: a© = 3.65A°, co = 5.96A®, cor- 
responding to the axial ratio a : c = 1 : 1.62. There is also supposed to 
be present a second face centered cubic modification having as length 
of unit edge: ao = 5.12A°. It is pointed out, however, tha4 it is not 
impossible for this apparent dimorphism to be due to the presence of ad- 
mixed impurities. For this reason it is necessary to defer judgment 
concerning the probable structure of this metal imtil more work has been 
done and until data have appeared. 

Thorium , — The lines found in the powder pattern of thorium are those 
which should arise from the face centered cubic structure [4b]. Their 
observed intensities (1920, 3) are compared in Table III with the intensities 
calculated for [4b]. Except for a greater decrease of the observed inten- 
sities with spacing (due perhaps to the large absorption of thorium for 
the long wave X-rays used), the correspondence is good. The length 
of the edge of the xmit cube, as deduced from these meastiremenis (1920, 
3) is ao = 5.12A°. From another determination, for which no data are 
yet avaflable (1921, 56), the length is said to be ao = 5.04A^. 
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Table III. Intensities of Powdbh Reflections feom Thoeium 


Intensity 


Indices 

Observed 

Calc, for [4b 

111(1) 

very strong 

10 

100(2) 

strong 

5.4 

110(2) 

strong 

4.7 

113(1) 

strong 

6.5 

111(2) 

medium 

1.9 

100(4) 

very weak 

1.0 

133(1) 

medium strong 

3.3 

120 (2) 

medium weak 

3.2 

112(2) 

weak 

2.6 

111(3) 1 

medium weak 

3.1 

115(1) i 




Note: Only the intensities of the copper K-alpha reflections, as the more intens 

oneSp axe included in this tabulation. 

Ilie Second Sub-group Elements.— Powder observations have beei 
carried out upon all three of these metals — germanium, tin and lead 
A single reflection has also been recorded from an octahedral face of £ 
crystal of lead. Gray tin and germanium have the diamond arrangement 
[8f]; the structure of white tin has not been established with any degree 
of certainty; and the data from lead are said to fit the face centered cubic 
structure [4b]. 

Germanium . — The lines found in a powder photograph of metallic 
germanium are those that would be obtained from a diamond cubic ar- 
rangement of atoms [8f]. As Table IV makes clear the observed intensities 

Table IV. Intensities of Powdeb Reflections feom Germanium 

Intensity 


Indices 

Observed 

Calc, for [8f] 

111(1) 

very strong 

10 

110(2) 

strong — very strong 

9.4 

113(1) 

strong — very strong 

6.5 

100(4) 

faint 

2.1 

133(1) 

medium — strong 

3.3 

112(2) 

strong — very strong 

5.2 

111(3)) 

faint 

3.0 

115(1) ) 


110(4) 

faint 

1,8 

135(1) ■ 

medium — strong 

3,3 

130(2) 

medium 

2.9 


(19£S, 54) and those calculated from expressions (26) and (33) are in 
very good agreement. The length of the edge of the rmit cube (Figure 153) 
as deduced from this powder photograph is ao = 5.6lA°. Another powder 
measurement (199^, 46), concerning which no data have yet been pub- 
lished, is said also to point to a diamond arrangement with ao = 5.63A°. 
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Tin. — Gray tin has been given the diamond arrangement (Figure 153 ) 
as a result of its powder photographs. According to these measurements 
{1918 j 3 ; 1919, 8), the length of the edge of the unit cube is a© = 6.46x4"^. 
Similar photographs (1919, 8) of white tin have been supposed to show 
that it is tetragonal with a structure containing three atoms within the 
unit cell. It has recently been stated (1923, 58) that this atomic arrange- 
ment is incorrect and another tetragonal grouping has been suggested in 
its place. No structure of this non-cubic modification of tin can be 
accepted as probable until an adequate treatment is forthcoming based 
upon space group results and involving a selection between possible unit 
cells. 

Lead. — Unpublished powder spectrometer measurements from a lead 
plate (1923, 72) are said to show diffraction effects in the positions re- 
quired by a ‘^face centered’’ cubic arrangement [4b] (Figure 148) for which 
ao = 4.983A°. A spectrometer reflection (1918, 31) from a single crystal 
of lead, to be attributed to an octahedral face, gives a© = 4.91A®. 

The Elements of Group V 

The Transition Elements. — Two powder photographs have been made 
from red phosphorus: one of these ^ showed no lines; the other ^ is said 
to have resulted in a good crystalline diffraction pattern. Beyond these 
fragmentary observations no study has been made of these elements. 

The First Sub-group Elements. — Powder photographs have been pre- 
pared from vanadium and tantalum. 

Vanadium (1922, 10). — ^No data have ever been published upon vana- 
dium but its powder lines are said to be in the positions required by a 
'^body centered” cubic arrangement [2a] (Figure 147) for which a© = 
S.OIA'^. 

Tantalum (1920, 33; 1921, 55). — Lines in a rather poor photograph of 
this metal agree in position with those to be anticipated from a ^^body 
centered” cubic structure [2a] (Figure 147) with a© = 3.272A°. Never- 
theless the relative intensities of 110(1) and 112(1) conflict seriously 
(Figure 155) with the demands of this arrangement and more experimental 
work is needed before the crystal structure of tantalum can be taken as 
probably established. 

The Second Sub-group Elemente. — ^Diffraction observations have been 
made upon antimony and bismuth, but a treatment capable of determining 
the atomic arrangement in either of these elements has not yet been 
carried out. 

i H. C. Burger, Physica 2, 121 (1922). 

* 1923, 13, footnote on p. 3. 
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Antimony. — Early spectrometer measurements {1915, 4) were thought 
to give both antimonj^ and bismuth a diamond arrangement distorted 
along trigonal axes. Two more recent spectrometer studies {1920, 36; 
1921, 74), which are supposed to show that this structure is not the correct 
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Pig. 155- — In this figure the observed relative intensities of the principal powder lii^ 
of tantalum (crosses) and chromium (open circles) are plotted together with the 
calculated intensities (the points connected by dashed lines) for the “body centered' 
cubic arrangement j [2al. 

one, have been made the basis for a grouping that places eight atoms 
within the unit ceU, four upon a face centered rhombohedral lattice and 
four more upon a similar lattice obtained by translating the first along the 
trigonal axis. The amoimt of this translation is not, however, the same 
for the two investigations. Much more work, of both an experimental 
and theoretical character, will be needed before anything definite will be 
known of the structure of this element. 

Bismuth,— Fomdei observations {1921 j 60; 1928, 68) as well as spectrom- 
eter measurements (1915^ 4; 1921^ 74, 59) have been made upon bismuth. 
It is thought that the recent spectrometer data {1921 j 74, 59) agree with a 
rhombohedral structure similar to that proposed for antimony. Powder 
photographs {1928^ 68) yield results which are not thought to be in accept- 
able agreement with the amount of translation deduced from the spectrom- 
eter data. A more adequate treatment of bismuth, experimental as weU 
as theoretical, must be carried out before an assignment of structure can 
be rdade to its crystals. 
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The Elements of Group VI 

The Transition Elements, — A few spectrometer measurements {1914, 
have been made upon er\’'stals of orthorhombic sulfur. They are, however, 
in no sense adequate for a determination of atomic or molecular arrange- 
ment. 

The First Sub-group Elements. — Powder photographs have been 
prepared from all of these metals except uranium. body centered cubic 
arrangement [2a] has been assigned to each element from these data. 

Chromium {1921, 65 ), — The lines in the powder photograph are those 
given b}^ a ^'body centered cubic structure (Figure 147) for which 
ao = 2.895A'^. As Figure 155 sho’ws there is excellent agreement between 
the observed intensities and those calculated for this atomic arrangement 
[2a]. 

Molybdenum , — The lines in powder photographs of molybdenum have 
been used to assign it a ^^body centered^' structure [2a]. The length of the 
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Fig. 156. — The calculated relative intensities of the principal powder reflections from 
the “body centered” cubic arrangement, [2a], are connected by dashed lines. The 
observed relative intensities of powder reflections of molybdenum and iron are shown 
by crosses and open circles. The observed intensities of powder reflections from 
tungsten are indicated by the letters: st = strong, m = medium, w weak. 


edge of the unit cube containing two atoms (Figure 147) has been stated 
to be: ao 3.143A'' {1921, 55) and ao = 3.08A° {1921, 83). Intensity 
data {1921, 55) for these lines, reproduced in Figure 156, should agree 
more closely with calculation if [2a] is the correct arrangement. 
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Tungsten.— Tungsten is reported to give a powder photograph which 
is practically indistinguishable from that of molybdenum. A comparison 
photograph of the two leads to the value ao = 3.150A° (19'21, 55). From 
a different study ao was found to be 3.18A° {191 7, 4). The extent to which 
the observed intensities meet the demands of the ^‘body centered’’ cubic 
structure [2a] (Figure 147) is shown in Figure 156 {1917, 4); it is none too 
good. 

The Second Sub-group Elements. — No diffraction measurements have 
been made upon crystals of either selenimn or tellurium. 

The Elements of Group VII 

Metallic manganese has been found to give a powder diffraction pat- 
tern which could not be interpreted in terms of any simple atomic arrange- 
ment {1923, 7, 106). Beyond this observation diffraction effects have 
not been described from any of the elements of this group. 

The Elements of Group VIU 

Powder photographs have been made and structures assigned to all 
of the metals of this group. 

Iron . — The powder lines obtained from iron at room temperature are 
those to be expected from the '‘body centered” cubic arrangement [2a] 
of Figure 147. As Figure 156 shows the observed intensities {1917, 9) 
fit well with those calculated for this structure. Determinations of ao, 
the length of the edge of the unit cube, yield 2.86A° {1917, 9), 2.88A° 
{1931, 88, 89) and 2.872A° {1923, 66). Examination of wires at 
800° — 830°C {1921, 89) seems to prove that the 3 - form of iron has the 
same atomic arrangement as the low temperature, a - modification. The 
y - iron on the other hand has been made to give at * 1000°C {1921, 89) 
fi.ve lines in the positions demanded by a "face centered” cubic structure 
[4b] (Figure 148) for which ao = 3.60A°. No record has been published 
of the relative intensities of these lines. 

Cobalt {1919, 18; 1921, SS). — It is said that powder photographs of 
cobalt which has been prepared under different physical conditions show 
that both the hexagonal closest packed grouping [d] (Figure 150) and the 
"face centered” cubic arrangement [4b] (Figure 148) can coexist at room 
temperature. Filings of cast cobalt, which by analysis was found to be 
99.7% pure, gave only the lines of an hexagonal structure -for which 
ao = 2.514A°, Co = 4.105A°, coiresponding to the axial ratio a : c = 

1 : 1.633. Except for an inexplicably weak 10-3(1) reflection, there is 
satisfactory agreement between observed intensities and those calculated 
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for this arrangement (Figure 157;. After annealing tMs cobalt in hydro- 
gen at 600°C for six hours, it had developed additional lines about equal 

RELATIVE SPAClNe 



0= Ruthenium 5<=Cobait 


Fig. 157. — The observed relative intensities of the principal powder lines of ruthenium 
and the hexagonal form of cobait are plotted as open circles and crosses; the calculated 
intensities of these reflections for the hexagonal close-packed arrangement, [d], witb 
axial ratio a : c = 1 : ± 1.63 are connected by the dashed lines. 

in intensity to the original ones and attributable to a cubic modification. 
These new lines also were present in cobalt obtained by electrolysis of the 
sulfate. A sample of cobalt prepared by reducing the oxide in hydrogen 
at 600^0 gave only the lines to be expected from a ^Tace centered^' cubic 
structure [4b] for which ao = 3.554A°. The individual crystals of this 
powder were large enough to give separate images upon the film so that 
intensity observations could be carried out only with dififlculty. There is, 
nevertheless, a serious contradiction (Table V) between the observed in- 
tensities and those calculated for [4b]. Until this has been eliminated it 
is not possible to accept the ^Tace centered’’ cubic structure [4b] as a 
probable one for cobalt. 

Nickel . — ^Sonie early experiments (1917^ 9) were thought to show that 
nickel crystallizes sometimes in the “body centered” cubic arranganent 
[2a] and sometimes with the “face centered” structure [4b]. More recent 
measurements (1919, 18; 19£1, 55; 19Wj 3; 19iB, 99) have found evidence 
for only the second. The positions of the observed lines and their inten- 
sities (Figure 158) are in excellent accord with the requirements of this 
“face centered” cubic arrangement (Figure 148). The value of ao has 
been variously determined as 3.53A° (1920, 3), 3.540A® (19B1, 55), 3.51A^ 
(19^9, 99) and S.SIOA'^ (19B3, 66). 
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Table V. Isten-sitibs op Powder Eeflbction's from ‘‘ Cubic” Cobalt 


IXTE-VSITY 


Inmces 

Observed 

Calc for i 

111(1; 

10 

10 

100(2) 

O.S 

5.4 

110(2; 

S.4 

4.7 

113(1) 

10 

6.5 

1.9 

111(2; 

O.S 

100(4} 

0.2 

1.0 

1.33(1) 

0.4 

3.3 

120(2) 

4.1 

3.2 

112(2) 

0.8 

2.6 

lloll; 1 

1.7 

3.1 

111(3) / 

110(4) 

0.2 

0.9 


Rufheninm (1920, S3; 1921, oJj— The powder lines from ruthenium 
are those to be expected from an hexagonal close packed arrangement [d] 
(Figure 150) for which ao = 2.6S6A.°, co = 4.272A°, corresponding to an 
axial ratio of a : c = 1 : 1.59. The intensities of these lines are also in 
good agreement wdth the demands of this structure (Figure 157). 

Rhodium (1921, 55).— Rhodium powder yields the lines of a “face 
centered” cubic arrangement [4b] for which ao = 3.820A° (Figure 148). 
Except for too great a decrease in intensity with, spacing, due perhaps to 
the high density of the metal, the intensities of these lines offer an accept- 
able fit with this structure (Figure 158). 



5t«RhodiULm os Nickel ^^Palladnim 


Fig. ISS.y-In tEis figure the observed relative intensities of the principal powder lines 
of rhodium, nickel and palladium are plotted as crosses, open circles and black circles; 
the calculated intensities of the principal powder lines of the **face centered”- cubic 
arrangement [4b] are connected by the dashed lines. 
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Palladium. — Palladium gives the powder lines of a “face centered” 
cubic structure [4b]; their relative intensities (1920, 33; 1921, do) are, 
however, in sharp disagreement with the requireiiients of this atomic 
arrangement (Figure 158). Two determinations of the length of the edge 
of the unit cube give ao = 3.950A^ (1920, 33; 1921, 55) and 3.900^"^ 
(1922, 64; 1928, 65). It is essential that this conflict in intensit}^ data be 
removed before the structure of palladium can be considered as probably 
known. 

Osmium (1921, 56). — Powder photographs, concerning which no data 
have been published, are said to agree with an hexagonal close packed 
arrangement [d] (Figure 150) for which ao = 2.714A® and co = 4.32A®. 
This corresponds to the axial ratio a : c = 1 : 1.59. 

Iridium. — The lines observed from iridium are those given b}" a “face 
centered” cubic arrangement [4b]. As Figure 159 shows there is good 
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x^Plshnum^ul^ Os/ridium 


Fig. 159. — ^The calculated intensities of the principal powder reflections of the “face 
centered” cubic arrangement [4b] are connected by dashed lines. ^ The observed 
relative intensiti^ of the important powder lines of platinum and iridium are plotted 
as crosses and open circle. 

agreement of the observed intensities (1928, 97) with those demanded 
by this structure (Figure 148). Two determinations of ao give 3.805A° 
(1920, 33; 1921, 55) and 3.823 A"" (1928, 97); the latter is a comparison 
measurement made by mixing the sample directly with sodium chloride 
to serve as a standard. 

Platinum. — The lines found in the powder pattern of platinum are 
those to be expected from a “face centered” cubic arrangement (Figure 
148). Two determinations of ao give 3-930A° (1920, 33; 1921, 55) and 
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4.02A° 60). The available intensity data {1921 , 55) for these lines 

(Figure 159) are not in suflS.ciently good agreement with the demands of 
this structure [4b] so that it can yet be accepted as the probably correct 
one for platinum. 

Stnninary of Crystal Structure Data for the Elements 

The available crystal structure data on the chemical elements have 
now been reviewed. It is difficult to put a precise valuation upon most 
of the atomic arrangements given to these crystals. A number of factors 
contribute to this xmcertainty. In the first place the opacity of the metals 
prevents an optical determination of symmetry properties; and, as zinc 
and cadmium show, the external appearance of the rather poor crystals of 
most metals is not necessarily related to their internal structures. There 
is now abundant evidence to show that, at least when independent knowl- 
edge of symmetry is lacking, a consideration of only the positions of powder 
lines may lead to incorrect crystal structures. For this reason it is neces- 
sary to demand that the relative intensities as well as the positions of dif- 
fraction effects agree with those calculated from the suggested structure. 

The inability to produce other than powder reflections from most 
metals and the impossibility of obtaining reliable independent knowledge 
of their symmetry characteristics make their determinations of atomic 
arrangement the least satisfactory of those from any large group of crystals. 
In spite of these insufficiencies of the available data it can be concluded 
that if the elements (only metals and sub-metals are involved) have simple 
structures, then the atomic arrangements of many of them must be the 
on^ which have been mentioned in the preceding discussions. It is 
impossible to say how justifiable is this assumption of simplicity: it would 
be more convincing if none of the metals required a complicated crystal 
structure. 


Inorganic Compounds not Salts 

Ferrous Alloys 

IronrNichd Allays . — Powder photographs have been prepared of the 
complete series {1928 j 66) of solid solutions formed between nickel (Figure 
148) and iron (Figure 147). The samples were made by melting Armco 
iron and electrolytic nickel in an induction furnace, swaging the castings, 
drawing and roUing out thin tapes. Photographs were taken after four 
treatments of these specimens: the samples were exposed in (1) without 
being subjected to additional mechanical or heat treatment, (2) after 
annealing at 900°~950°C followed by a slow cooling, (3) after an addi- 
tional heating to 600°C followed by rapid cooling in air, (4) by chilling for 
a time in liquid air Mter treatment (2). The results thus obtained are 
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shown in Figure 160. It will be seen that up to 70% of the nickel atoms 
in a crystal can be replaced by iron atoms without a change in the structure 
characteristic of the nickel and with only a comparatively slight change in 
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Fig. 160. — A plot showing the variation in length of the edge of the unit cube^ a<), with 
the composition of iron-nickel alloys. The open circles, black circles, crosses and 
open triangles refer to alloys subjected to treatments (1), (2), (3) and (4) respectively 
(see text). 


the dimensions of the unit cube. Similarly, alloys from 100% iron to 
about 25% Ni — 75% Fe are ^^body centered like pure iron and possessed 
of about the same spacings. In the region between =±= 25% nickel and 
=t= 30% nickel the two structures coexist. If these alloys [treatment (2)] 
represent equilibrium states there is thus no sharp break in the series of 
solid solutions of these two metals which have different atomic arrange- 
ments in the pure state. It is not entirely clear what conclusions are to be 
drawn from the results of the different treatments to which these alloys 
were subjected. In the main it appears that the cold roUed metals have 
the largest spacings and that those alloys which have been annealed and 
subsequently chilled to room temperature (3) give the smallest unit cubes. 
Furthermore the fact that the ^'body centered^’ arrangement persisted 
only in those 30% nickel alloys which had been held in liquid air suggests 
that the region of crystal structure inversion would be displaced towards 
higher percentages of nickel at lower temperatures. This last inference 
is in keeping with the observation that the ^‘body centered form is the 
low temperature modification of iron. It is strengthened by two experi- 
ments {1921, 6) in which nickel steels each contaioing about 25% nickel 
and showing the face centered arrangement developed an admixed body 
centered grouping after being held for some time in liquid air. This gen- 
eral outline of the structures of iron-nickel alloys and of the range of their 
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occurrence agrees with previous qualitative experiments (19^1, 6). No 
detailed diffraction data have been published for these alloys; with the 
exception of approximate chemical compositions no numerical data are 
contained in the first qualitative study (1921, 6) . It is interesting to note 
that crystal structure studies give no suggestion of the existence of the 
intensely magnetic “permalloy.” ^ 

Iron-Manganese Alloys (1923, 7).— Iron and manganese are supposed 
to form a continuous series of solid solutions. It has been said that 
for slowly cooled alloys ranging in composition between pure iron and 
about 20% Mn-80% Fe the atomic arrangement is the body centered 
one characteristic of a-iron; that alloys containing between 20% and 40% 
of manganese are mi.xtures of the “body centered” and “face centered’’ 
structures; that they are then purely “face centered” up to about 60% 
manganese; and that after passing through a short range of mixed “face 
centered” cubic and pure manganese forms, they are like the latter for 
the remainder of the composition range. No detailed data have been 
published upon this alloy series. It has also been found that when a 
manganese steel containing 12.1% Mn and 1.34% C was quenched in 
water from 1000°C., it gave the face centered cubic arrangement charac- 
teristic of y-iron; this steel did not develop any evidence for the “body 
centered” arrangement after being cooled in liquid air (19B2, 98). 

Iron-Cobalt (1921, 6 ). — Cobalt and iron are supposed to form an un- 
broken series of solid solutions. Powder photographs show that up to 
about 80% of the iron atoms can be replaced by cobalt atoms without 
change in the “body centered” structure of iron. A mixture of “body” 
and “face” centered forms has been found in the region between 80% 
and 90% cobalt. Above this only the “face centered” modification is 
present until at about 98% cobalt the hexagonal arrangement which sup- 
posedly coexists with the face centered cubic one in pure cobalt begins to 
make its appearance. No numerical data accompany this account of 
structure. 

Other Ferrous Alloys (1923, 7 ). — ^A few observations, unaccompanied 
by numerical data, have been recorded upon the system iron-chromium. 
It has also been said that there is little (if any) solid solution between iron 
and either tungsten or molybdenum; but there is the formation of a 
compound. 

Non-ferrous Alloys 

Siher-Gold . — Gold and silver both have a “face centered” cubic ar- 
raogement (Figure 148) with very nearly the same values for ao: 4.080A° 
and 4.075A‘’. They form a complete series of solid solutions. As a result 
of one study (1923, 7), upon which no data have appeared, it is said that 
*• H. D. Amold and G. W. Elznen, Jour. EVankl. Inst. 19S, 621 (1923). 
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no deviation can be detected from a linear proportionality between com- 
position and size of the unit cell. In another examination {1922, 63) 
abnormally high spacings (Figure 161) were found for annealed ahoys 



Fig. 161. — K plot showing the observed variation of the length of the edge of the 
unit cube, with composition for a series of gold-silver alloys. 

of the compositions Agzka^, AgsAua and AgsAur- More work is obviously 
required to provide explanations for such abnormalities. 

Silver-Palladium {1922, 63 ). — Silver and palladium are '^face centered 
cubic (Figure 148) with similar values for ao : 4.080A° and S.QOOA'^: The 
continuous series of solid solutions formed by these metals have spacings 
somewhat too small to 3deld a linear proportionality with composition 
(Figure 162). 



Fig. 162. — plot showing the variation of the length of the edge of the unit 
cube, ao, with composition for silver-p^adium alloys. 
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GoMrCopper (19M, 52; 1923, 7). Gold and copper likewise have “face 
centered” cubic structures and form a continuous series of solid solutions. 
The sizes of their unit cells are, however, quite different and the dimensions 
of their solutions apparently deviate largely from a linear relationship with 
composition (Figure 163). It has been stated {1923, 7) that powder 



Fig. 163. — k. plot showing the variation of the size of the unit cube (stressed in 
lengths ao) with the composition of copper-gold alloj^s (after Bain). 


photographs of alloys of such special compositions as AuGuc or AusCu 
give evidence for the existence of a regular distribution of one kind of atom 
with respect to the other. Unfortunately no data bearing upon this point 
have yet been published. 

Copper-Zinc {1921, 6; 1923, 7). — The available results on a series of 
brasses are shown in Table VI. There is moderate agreement with] the 
diagram as deduced by thermal analysis. 


Table VI. DiyrEAcnoN Data upon Copper -Zinc Allots 

CoMPOsmou Ttpb of Biffeacstion- Pattebn 

% Zi»fc 


0 

(100% Cu) 

Face centered cubic (eq = ^ 3.60A'') 

20 


t( a c( 

21 


“ “ “ (a, = =t 3.68A°) 

37 


(( ff C( 

47 


Mixture of face centered and body centered 

50 


Body centered cubic 

63 


i( ti ct 

69 


Mixture (f) 

79 


Khomboliedral (?) 

82 



90 


Mixture rboiaboliedral (?) and hexagonal 

94 


ti it tt 

100 

(0% Cu) 

Heiagonal 


Copper-Nickel {1923, 7). — These two metals, both showing the “face 
centered” cubic structure (Figure 148) are supposed to form a continuous 
series of solid solutions. Their diffraction patterns have been reported 
to confirm this. 



STRUCTURES OF METALS AND ALLOYS 


261 


Molybdenum’-Tungsten (1923, 7). — It has been reported that these two 
metals, with the same '‘body centered’’ cubic arrangements and prac- 
tically identical values of ao, form a continuous and unbroken series of 
solid solutions. 

Heussler Alloys (1922, 106). — Powder photographs have been made 
from two Heussler alloys of the following compositions: 

AUoy IVa— 15.9% Al; 23.9% Mn; 60.3% Cu. 

'' Ilia— 14.3% Al; 28.6% Mn; 57.1% Cu. 

Alloy Ilia is said to show only the pattern of^a "face centered’’ cube 
for which ao = 3.70A°; the other is supposed to give this same pattern 
and more faintly the lines of a "body centered” cubic arrangement for 
which ao = 2.98ik°. Aside from reproductions of the photographs no 
diffraction data are published for these alloys. 

The same diffraction effects were obtained with the alloys in and out 
of a strong magnetic field. 

Other Non-^Ferrous Alloys (192S, 7). — Several isolated alloys, represen- 
tative of S 3 ^stems of limited miscibility, have been examined. In all of 
these instances the change in volumes of the crystals on solution of the 
second metal is less than would be expected from a simple mixing of the 
two metals. A 94.98% copper— 5.02% tin (atomic percents) alloy has a 
length of edge of the unit "face centered” cube of 3.655A®, as contrasted 
with 3.60A° for pure copper. When 18.8 atomic percents of aluminum 
replace copper atoms the length ao becomes 3.633A°. Some alloys of 
copper and manganese exhibit the copper structure; others show the 
atomic arrangement of manganese. An alloy of two thirds copper atoms 
and one third manganese atoms is still face centered cubic like copper 
and gives ao == 3.615A°. Numerical data have not been given for any of 
these cases. 

Solid Solutions of Hydrogen in Palladium. — Two conflicting studies 
have been published on the effect of the occlusion of hydrogen upon the 
crystal structure of palladium. In one investigation (1923, 104) it was 
found that palladium maintains its own crystal structure and swells its 
dimensions by an amount which is determined by the amount of the dis- 
solved hydrogen. A sample which had taken up 660 times its own volume 
of hydrogen, and thus contained 29 molecular percents of hydrogen, was 
found to have a value of ao 2.8% greater than that for pure paUadium. 

As a result of the other more complete study (1923, 65) it is found that 
palladium does not continuously absorb hydrogen but that as soon as 
some gas has been occluded a second phase which may be interpreted as 
a sort of saturated solution of hydrogen in individual paUadium crystals 
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makes its appearance. In other words, as soon as a single crystal of pal- 
ladium has started to absorb hydrogen it can continue to do so up to its 
saturation point more easily than a new cr^’^stal can begin absorbing. The 
two patterns showed the same planar reflections, that of the solution dif- 
fering only in having somewhat larger spacings. The dimensions of this 
larger unit were not constant but varied between ao = 4.000A and 
4.039 when the solution pattern was intense, however, ao was never 
lower than 4.023A^. An attempt was made to define the positions of the 
hydrogen atoms on the assumption that the saturated crystals are those 
of an earlier proposed hydride Pd 2 H. The absence of direct evidence for 
the existence of this compound and especially the observed variability of 
ao make it seem more natural to consider the larger crystals as merely more 
or less saturated solutions of hydrogen in palladium. 

Additional experiments are needed to remove the apparent conflict 
between the results of these two studies of the system palladium-hydrogen. 

Iridosmium {1921^ 4)- — The crystal structure of a natural alloy of 
iridium and osmium has been studied with Laue photographs. Iridium 
is face centered cubic fFigure 148) and osmium probably is hexagonal 
close-packed (Figure 150) and it is probable that their alloys exhibit a 
series of solid solutions which like the alloys of nickel with cobalt are partly 
hexagonal and partly cubic. The Laue photographs show that the aUoy 
used in this investigation had hexagonal S 3 a]ametry. Unfortunately its 
composition was not determined. The Laue photographs were prepared 
with such a voltage impressed upon the tube that the shortest reflected 
wave length, as determined from a photograph of potassium chloride, was 
about O.ISA^. By assigning a crystallographically possible set of indices 
to these Laue spots and calculating therefrom the wave lengths of the 
reflected X-rays, fair agreement was found between the observed low wave 
length limit and the requirements of an hexagonal unit cell containing 
two atoms and having an axial ratio of a : c = 1 : 1.590 ^ 0.005. In 
view of the strong absorption of the iridium and osmium atoms this agree- 
ment has been considered sufficient to establish the two-atom cell as the 
probably correct one; more conclusive evidence upon this point is, however, 
to be desired. By the procedure outlined in discussing the structure of 
ma^esium (page 237) arrangement [d] (Figure 150) is shown to be the 
only one which fits the diffraction data if the crystals examined are un- 
twinned and if this two-atom unit is the correct one. 

Summary 

It will be seen from the precedir^ review that with a few exceptions 
most of the work yet done upon alloys and intermetaUic compounds is 
fragmentary and reported in such meager detail as to be of uncertain value 
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to crj^stal analysis. A stud^-" of alloys is of great importance because 
of the possibility it offers of throwing light upon the problems of solid 
solutions and their relations to their associated chemical compounds. 
Perhaps the two most important results yet attained in the study of 
alloys are the proofs (1) that the spacings in a series of solid solutions of twro 
isomorphous metals (copper and gold, for instance) do not necessarily 
follow a straight line relation, and (2) that a series of solid solutions with 
end members of different structures may appear continuous and unbroken 
through the coexistence over a certain range of compositions of two differ- 
ent arrangements in varying amoxmts (the nickel-iron series, for example). 

Satisfactory deductions of atomic arrangements for intermetallic com- 
pounds will be exceedingly difficult with existing methods. Their opaci- 
ties and the problems of preparing large single crystals make them subject 
to all the limitations of studies of the pure metals; and for intermetallic 
compounds an application of the (at best doubtful) hypothesis of probable 
simplicity in atomic arrangement is no longer justifiable. 



Chapter XL The Structures of Carbides, Oxides, 

Sulfides, etc. 


Carbides 

Carborundum, CSi—Tht sj^mmetiy and crystal structure of carborun- 
dum present an interesting and puzzling problem for which there is not as 
yet a satisfactory answer. In the past it has been supposed that CSi 
crystallizes in the rhoinbohedral division of the hexagonal system, the 
rhombohedral angle being almost 90^. On the basis of studies^ of face 
development it has recentl}^ been concluded, however, that three distinct 
modifications exist, all with practically identical axial ratios and all crystal- 
lizing in the hexagonal system. Laue photographs which are strong evi- 
dence for their separate existence have been prepared {1920j 30) from 
crystals belonging to these three supposed types; their tracings are shown 
in Figure 164. 



A B C 


Fia. 164. — ^Tracings of basal Laue photographs of the three types of 
carborundum (after Hauer and Koller). 

Three ^parate studies have been made of the diffraction effects from 
carborundum. Two of them — one of which used spectrometer measure- 
ments {1918, 9), the other, powder photographs {1920, 32) — did not take 
into consideration this polymorphism and were not reinforced by either 
optical data or crystallographic measurements- Since these modifications 
frequently intergrow and twinning is very common, it would be impossible 
to attach any certainty to the results of either of these studies. The 
spectrometer observations {1918, 9) were thought to establish a distorted 
diamond arrangement in which half the carhop atoms were replaced by 

1 H. Baumhauer, Zeit, f. Krist. 60, 33 (1912); 65, 249 (1915-29). 
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silicon atoms. A Lane photograph published elsewhere ^ by one of the 
authors of that study was of such a character that it could not have 
agreed with this structure (unless the crystal producing it were twinned). 
It was afterwards asserted (1919, 17), though no data have ever appeared, 
that these data agree with an undistorted diamond arrangement. Powder 
photographs (19W, 32), measurements upon which also have never been 
published, were thought to show lines of both the hexagonal and the cubic 
close packings; this was imagined to mean that carborundum crystals 
consist of a combination of these two arrangements. 

In view of present knowledge the third investigation (1921, 38) is 
the only one which can be given weight. This study was made upon 
crystals of the second Baumhauer type using spectrum and Laue photo- 
graphs. Its data are considered to show that the unit cell is an hexagonal 
one containing 24 molecules of CSi. A structure based upon this unit 
seems to be in moderate agreement with the Laue data. The discussion 
which accompanies this determination of structure does not prove that 
the chosen unit is the simplest possible one; it is therefore desirable that 
further work be carried out before this atomic arrangement is definitely 
accepted- It is also stated that the other two types (I and III) have unit 
cells containing 24 molecules. 

Oxides 

Monoxides of the Univalent Elements 

Ice, H 2 O. — Ice is usually assigned to the hexagonal division of the 
hexagonal system though some observations have been thought to make a 
trigonal symmetry probable. A Laue photograph (1917, 18) from an ice 
crystal exhibited complete hexagonal symmetry and yielded an axial ratio 
of a : c = 1 : 1.678. By proceeding from the assumption that this crystal 
was not twinned, the few spots on its photograph have been found to be 
compatible (1919, 14) with a unit cell containing two molecules of H^O 
and having ao = 3.46A° and Co = 5.53A° (a : c = 1 : 1.60). Some spec- 
trometric measurements (1918, 22) have led to a unit containing four 
molecules of H 2 O and giving aa = 4.74A° and Co = 6.65A° (a : c = 

1 : 1.4026). Powder photographs from ice (1921, 35) that was made by 
plunging a small glass tube of water into liquid air have been imagined 
to display the lines of an hexagonal '^close-packed’’ arrangement with 
an axial ratio of a : c = 1 : 1.62. The unit cell of this structure, which 
also contains four molecules, is given the dimensions a© ~ 4.52A® and 
Co = 7.32A'". Another structure (1922, 15), in approximate agreement 
with the powder measurements, has been proposed besides the three 
atomic arrangemente suggested directly for these unit ceUs. 

1 Tn A- E. H, Tutton, Crystallograpliy and Practical Crystal Measurement, Vol. i, 
p. 689 (IfOndon, 19^). 
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The sets of axes of these units axe not merely rotations of one another 
through angles of 30° or integral multiples of one another; there is conse- 
quently a serious conflict among the reported experimental data on ice. 
Because of the danger of twinning in the ciystals used in making both the 
Laue photographs and the spectrometer measurements, the powder data 
are the most reliable. These data alone are probably insufficient to estab- 
lish the structure of ice; consequently nothing definite can be considered 
as known about its atomic arrangement. 

Lithium Oxide, LW (1923, ISJootnoie, p. 23)— It is said that powder 
photographic data from LiaO probably lead to a calcium fluoride arrange- 
ment [4b, 8e] (Figure 171) for which the length of the edge of the unit 
cube is ao = 4.62A°. No diffraction data have yet been published. 

Cuprite, Cv^O , — Optical examination as well as crystallographic study 
shows cuprite to have cubic symmetry. Its etch figures are holohedral 
but there is one record of a rare face development supposed to indicate 
that it belongs to the enantiomorphic henuhedral class. 

Spectrometer measurements (1915, 4, p. 155), which have only been 
reported in a rough graphical form, give a value of m/n^ = 2; from them 
ao = 4.32A° (approximately) if m = 2. A powder photograph (1922, 68) 
shows no reflections requiring a unit larger than one yielding m = 2. 



If it is assumed that the two oxygen atoms within a unit cube are alike, 
then reference to a tabulation (1922, 111) of the special eases of the cubic 
space groups proves that only the foUowing atomic arrangement (Figure 
165) is possible: 

Copper atoms: Hi; ill; lil; Hi, 

Oxygen atoms: 000; Hi. [2a, 4d] 

This structure can be derived from Ti— 2, 0—2 and Oi— 4. 
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Its correctness for cuprite can be checked by calculating the relative 
intensities of the principal powder reflections through expression (26) : 

When n is odd : (34) 

If the indices are two odd and one even, A = 20, B = 0; 

If the indices are two even and one odd, A = B = 0; 

If the indices are all odd, A == 0, B == =^=4 

T\Tien n is even: 

If the indices are two odd and one even, A = 20 + 4Cu, B = 0; 
If the indices are two even and one odd, or all odd, 

A = 20 4Cu,-~when n = 2, 6, etc., + when n = 4, 8, etc., 
B = 0 always. 

These values for A and B used in (26) lead to the calculated intensities 
of Table I if 0 and Cu are taken equal to eight and 29 (the atomic numbers 

Table I. Intensities of Powder Reflections from Cuprite (CusO) 


Intensity 


Indices 

Calc, for [2a, 44] 

Observed 

100(1) 

0 

absent 

110(1) 

0.5 

weak — ^very weak 

111(1) 

10 

very very strong 

100(2) 

4 

strong 

120(1) 

0 

absent 

112(1) 

0.3 

trace 

110(2) 

6.1 

very strong 

001(3) ) 

A 

very very weak (probably 

122(1) / 

U 

due to jd-Iine of 113(1)) 

130(1) 

0.2 ~ 

trace 

113(1) 

6.5 

strong — very strong 

111(2) 

1.5 

medium-weak 


of oxygen and copper). They are in excellent agreement with the observed 
intensities (192£, 68) of corresponding reflections. 

If the improbable assumption were made that the two oxygen atoms 
can be different from one another (even though all four copper atoms 
are alike), the following possible arrangement can be deduced from T— 1 
and Te— 1: 

Copper atoms: uuu; uuu; uuu; uuu. 

Oxygen atoms: 000; and Uf. 

This, structure is iudistinguishable from the preceding one [2a, 4d] if 
u = i; and any detectable deviation from u = J would be accompanied by 
the appearance of other lines than those arising from arrangement [2a, 4d]. 
A line found in the position of 001(3) and 221(1) is probably a K-beta 



268 THE STRUCTURE OF CRYSTALS 

reflection by 113(1); otherwise there is no evidence for such additional 
reflections. 

It consequently must be concluded that if the structure of cuprous 
oxide is simple, as all the available evidence indicates, its atomic arrange- 
ment must be that of [2a, 4d]. The best determination of the length of 
the edge of the unit cube (Figure 165) is ao = 4.26A° 68). 

Silmr Oxide, Ag^O , — Silver oxide is known to crystallize in octahedrons 
which are optically isotropic; its cubic s:^unmetry is thus definitely estab- 
lished. The sines of the angles of reflection for the four most conspicuous 
lines in a powder photograph (19-22, 103) of Ag20 are recorded in column 
(1) of Table II. It has been showm (page 189) that for a cubic crystal 
the ratio of the sine-squares of planar reflections are those of smaU whole 
numbers. The values of these sine-squares (for the K-alpha line of 
molybdenum) are shown in column (2) of Table II. Trial proves that 
their ratios are those of the numbers of column (3) which are close ap- 
proaches to the integers of column (4). From reference to Table III 
of Chapter VI it is clear that these reflections must therefore be due to the 
planes of column (5) of Table II. It then follows from the use of one of 

Tabm II. PowDEE Data upon the Four Strongest Lines op Silver Oxide 
(Molybdenum K-ct Radiation) 


am 8 


Ratios op sia^ d 

(h2 4-k2 + l-)n2 

Indices 

0.129 

,0166 

3 

3 

111(1) 

.149 

.0221 

3.99 

4 

100(2) 

.212 

.0448 

8.09 

8 

110(2) 

.249 

.0620 

11.18 

11 

113(1) 


these powder reflections (thus identified) in expression (29a) that m/n® 
must equal two. Additional powder photographic results (1922, 68) 
yield no reflections requiring that m be greater than two. The problem 
of choosing the correct atomic arrangement is thus identical with that for 
cuprous oxide. There is satisfactory agreement between observed 
intensities of the principal powder reflections and those calculated for the 
cuprite arrangement [2a, 4d] by expression (26) (Table III). 

It is thus necessary to conclude that if the atomic arrangement of 
silver oxide is simple, as all the data indicate, it must be that of [2a, 4d]- 
The two available sets of powder data were from photographs in which 
the lines were unusually broad; they give for this unit cell (Figure 165) 
&a — 4.77A° (1922, 103) and 4.718A° (1922, 68). Approximate corrections 
for the size of the cylindrical specimen were made in deducing this second 
value; the first was obtained from a thin film of powder which did not 
require the same corrections. Another powder photograph (1922, 27), 
for which no data have ever been published, is said to lead to ao = 4.G9A°. 
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Table III. 

INTENSITIES OF 

PowDEK Reflections from Silver Oxide (AgsO; 

Iotensities 

INDICES 

Calc, for I2a, 4dJ 

Obsen'cd {19J2, 103) 

Observed {£922, 6S) 

100(1) 

0 

0 

absent 

110(1) 

0.2 

0 

very very weak 

111(1) 

10 

10 

strong 

100(2) 

4.5 

7 

strong (broad) 

120(1) 

0 

0 

absent 

112(1) 

0.1 

0 

very weak (washed out) 

110(2) 

5.6 

7 

strong 

001(3) ) 
122(1) i 

0 

0 

very very weak (probably 
^ of 113(1)) 

130(1) 

0.05 

0 

trace 

113(1) 

6.5 

6 

strong 

111(2) 

1.6 

— 

medium-weak 


Monoxides of the Divalent Metals. — Especially detailed investigations 
have been carried out upon the structures of magnesium oxide and zinc 
oxide. All the monoxides that have been studied are like one or the other 
of these two with the exception of the tricltuic cupric oxide. It will con- 
sequently be convenient to discuss magnesium and zinc oxides before 
proceeding to the less studied 'crystals isomorphous with them. 

1 Cupric Oxide, CuO . — ^Two powder photographs (19£2, 43, 68) have 
been made from CnO. As a result of a lengthy treatment of one of them 



Fig. 166. — The unit cell of a possible arrangement of the atoms in crj^stals of cupric 
oxide (CuO). The ringed circles can repr^ent either the copper or the oxygm 
atoms. 

(IBM, 68)"a triclinic structure is suggested which resembles sodium chloride 
and has the^^following dimensions (Figure 166) : 

ao = 3.74A^; bo = 4.67A®; Cq = 4.67A^, 
a = 85^21'; jS = 86^25'; y - 93°35'. 
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The powder data do not seem sufficient to prove the correctness of this 
proposed atomic arrangement. 

Magnesium Oxide, MgO (1919, 20; 1920, 19; 1921, 46, 47, 80, 94; 1922, 
36, 43). — Reflections from individual crj'stal faces, Laue photographs and 
powder photographs have all been obtained from magnesium oxide. Its 
optical behavior leaves no doubt of its cubic symmetry. A reflection 
spectrum photograph taken with (100) as the principal reflecting face 
show's that m/n^ = 4. No data have been found either from interpre- 
tation of the Laue photographs or on powder photographs which require 
that m should be greater than four. From the few crystallographic meas- 
urements available there is no evidence that the sjonmetry of MgO is less 
fhnn holohedral. If, however, for the sake of completeness aU cubic space 
groups are considered, the following atomic arrangements are found (1921, 
94) to be possible. In deducing them no limiting assumptions are neces- 
sary concerning the equivalence of ciiemically like atoms. 

[4g, 4h] Mg atoms: 000; Hf; IH; iih 
0 atoms: |||; Ofi; JOf; |i0. 

[4j,4i] Mg atoms: 000; fff; iH; ffi, 

O atoms: iff; OH; |0i; iiO. 

[4b, 4c] Mg atoms: 000; ||0; |0i; Oih 
O atoms: 00^; 0|0; |00. 

[4b, 4d] Mg atoms; 000; HO; §0i; Off, 
n lii- aai- aia. la'a 

KJ atOmb. 444, 4:4:4} 44 4} 44 4- 

[4a] Mg atoms: uuu; imu; mm; tiuu, 

O atoms: a similax term in n'. 

[4f] Mg atoms: uuu; u -f- f, i - u, u;u, u -f- f, J - u; | - u, 

u -f- 1, 

O atoms: a similar term in u'. 

[la, 3b; Mg atoms: 000 and 00|; 0|0; ^00, 

lb, 3a] O atoms: Hi and HO; i0§; OH- 


A study of the Laue photographic and powder photographic data shows 
that only planes with aU odd indices give first order reflections. A calcula- 
tion (see page 215) of the A and B terms of the intensity expression (20) 
indicates that arrangements [4g, 4h] and [4j, 4i] should give odd order 
effects from planes with two odd and one even indices; since these are not 
foimd [4g, 4h] and [4j, 4i] are impossible as structures for MgO. In 
arrangement [la, 3b; lb, 3a] reflections with two even and one odd indices, 
M well as those with aU odd indices, should appear in the first order region ; 
it is therefore to be eliminated from further consideration. It can also 
be shown that [4a] and [4f] do not satisfy the experimental requirement 
of only all odd reflections in the first order unless they approach 
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indistingiiishably close to either [4b, 4c] or [4b, 4d], The choice of the 
correct arrangement thus lies between [4b, 4c] and [4b, 4d]. 

The A and B terms of expression (20) have for [4b, 4c] the following 
values: 

When n is odd: 

If the indices are all odd, A = 4Mg — 40, B = 0; 

If the indices are two even and one odd or two odd 
one even, A = B == 0; 

When n is even: 

A = 4Mg + 40, B = 0, always. 

The values of A and B for [4b, 4d] are as follows: 

When n is odd: 

If the indices are all odd, A = 4Mg, B = 40; 

If the indices are two odd and one even or two eveB 
and one odd, A = B = 0; 

When n is 2, 6, etc. : 

If the indices are all odd or two even and one odd, " (36) 
A = 4Mg - 40, B = 0; _ 

If the indices are two odd and one even, A = 4Mg + 40, 

B = 0; 

When n is 4, 8, etc.: 

A = 4Mg + 40, B = 0 always. 

The characteristic differences between the diffraction effects from, these 
two structures thus lie in the relatively greater intensity of odd order 
reflections from [4b, 4d] and in the comparative weakness of its two even 
and one odd and aU odd reflections when n = 2, 6, etc. It is always 
possible to distinguish between [4b, 4c] and [4b, 4d] as long as the scattering 
power of one kind of atom in the crystal is not insignificant compared with 
that of the other. For this choice, powder photographic comparisons of 
first and second order reflections are most valuable. 

In Table IV the observed intensities of powder reflections from MgO 
are compared with those calculated by the application of (35) and (36) 
in expression (26). Magnesium and oxygen have atomic numbers so 
close together that the relative intensities of calculated reflections will be 
largely influenced by the particular values chosen for the scattering powers 
of these atoms. From a number of sources it seems probable that the 
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Table IV. 

Intensities op the 

Peincipal Powdee Peflections of 


MgO (Mg 

= 12; 0 = 8) 




Intensities 


Indices 

Observed 

Calc, for I4b, 4c] 

Calc, for f4b, 4dj 

lliCD 

2 

0.75 

10 

100(2) 

10 

10 

0.4 

110(2) 

9 

8.8 

9.1 

113(1) 

2 

0.5 

6.5 

111(2) 

5 

3.6 

0.1 

100(4) 

3 

1.9 

2,0 

133(1) 

0.5 

0.25 

3.3 

120(2) 

6 

6.0 

0.2 

112(2) 

5 

4.9 

5.0 


atoms of MgO are doubly charged ions. If such is the case the electron 
number of each atom in this crystal is ten; if then an exact proportionality 
existed between the numbers of electrons in an atom and its scattering 
power, no first order reflections would be found from any planes. Some 
powder photographs have failed to show the presence of such reflections 
(1921, 47) but they are clearly observable in the negative from which 
Figure 137a was printed, and though faint are present in the Laue photo- 
graphs (1921, 94). There is nevertheless good agreement between calcu- 
lations for arrangement [4b, 4c], the sodium chloride arrangement (Figure 



167), and observed intensities of reflection. It is thus clear that either this 
structure or an indistinguishably close approach to it must be the correct 
one for magnesium oxide. 
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Estimates of the length of the edge of the unit cube for magnesium 
oxide have varied from 4.22 0.02A® to 4.18A'^; the most probable value 

seems to lie around 4.20A®. 

Zincite, ZnO, — Crystals of zinc oxide are usually assigned to the 
hemimorphic hemihedral class, 6e, of the hexagonal system. Spectrometer 
measurements from single crystal faces {1915, 4, p. 227; 1920 , 11), Lane 
photographic data {1921, 4) and powder photographs {1922, 5, 43, 95) are 
aU available for ZnO. A Laue photograph {1921, 4) taken with the 
X-rays normal to the basal, (00*1), face shows complete hexagonal sym- 
metry and thus does not conflict with the assumption that zincite has the 
symmetry of the point group 6e. From this, photograph and a knowledge 
of the minnxium wave length producing its spots, it is shown that the 
existing diffraction data agree with an hexagonal unit prism having the 
axial ratio a : c = 1 : 1.608 and containing two molecules of ZnO. It is 
considered that the following three arrangements {1910, 8; 1921, 4), all 
based upon special cases of the space group 6e— 4, are the only hemi- 
morphic ones compatible with the general requirements of the Laue 
photographic results: 

[e] Zinc atoms: ffu; f, i, u -hi; 

Oxygen atoms; |fv; f , v + 

On transferring the origin to the pomt (f, f , u + f) this becomes; 

[e'] Zinc atoms: 000; ill, 

Oxygen atoms: OOv; |, f , v + 

[f] Zinc atoms: |f0; f||, 

Oxygen atoms: OOv; 0, 0, v + 

[g] Zinc atoms: OOv; 0, 0, v + i, 

Oxygen atoms: |f0; fH* 

Arrangement [g] differs from [f] only in the interchange of the positions of 
the zinc and oxygen atoms. 

The A and B terms of intensity expression (20) have the following 
forms for [e']: 

A = ^[1 + cos 2 xn(f h + I k + J 1)1 + OIcos 2 ttuvI 
+ cos 2 7rn(f h + fk + vl + f !)];__ 

B = Zn[sin 2 -md h + i k + 1 1)] + 0[sm 2 xnvl 
+ sin 2 xn(f h+fk + vl + i !)]• 

It will be seen to be a property of this structure that 1 = 0 for odd order 
reflections with the indices hk- (2m + 1), where 2h + k = 3p and m and 
p can be any integers including zero. As the analogous expressions 
would make clear, the same reflections are absent from structures built 
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upon [f] and [g]. Admitting the correctness of the analysis up to this 
point, two questions remain to be settled: One is a decision between these 
possible arrangements, the other is a determination of the parameter v. 
Reflections in different orders from the basal plane (00*1), will be the same 
for the three structures and thus are best adapted to an estimation of y. 
The abnormally strong sixth order from this plane indicates that is 
near to 5/8. This variable parameter does not enter into the intensity 
e.xpressions of planes for which 1 = 0; consequently their reflections are 
the ideal ones for deciding between arrangements [e], [f] and [g]. Spec- 
trometer measurements from the first three orders of (10-0) show better 
agreement with structure [e]- though it is uncertain how conclusive would 
be a decision between [e] and [f] on the basis of this single observation. 



Fia. 168. — ^Points showing the observed relative intensities (198iS, 5) of the principal 
lines from zinc ojdde (ZnO) are connected by dashed lines. The calculated intensities 
of th^ lines for possible arrangemenlB [e] and [f J are plotted as crosses and as open 
cirdes. 

The Laue data are said to be explained almost equally well by [e] and [f]. 
The relative intensities of the first three lines in a powder photograph 
(19£B, 5) of zincite and the absence of 10- 4d) conflict with the require- 
ments of arrangement [f] fjPigure 168). The intensities of the first few 
lines of another and better photograph (1922, 95) are shown in Figure 
}69. Except for greater intensities of 00-1(4) and 10-4(1) in tbesp Jatey 
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measurements, the two sets of data agree well with one another. The 
calculated intensities of Figure 168 were obtained by using (d/n)- for 



X Arrangement [e] oArrangemenl [fj +ArrangennentKI 
ZfNC OXIDE (ZnO) 


Fig 169 —The dashed lines connect points giving t^ observed int^ties yP|2, 95) 
of the 'principal powder reflections of zinc oxide. The calculated intensities for the 
three possible stmctures [e], [f] and [g] are plotted as crpss^, open circles and pluses. 
The ordinates are on twice the scale used m the preceding hgure. 


f (d/n) in the equivalent of expression (26 ) ; for the intensities of Figure 169 

f(d/n) was taken proportional to ^ second 

figure immediately eliminate [g] as a possible structure for ZnO; at the 
same time they confirm the results of Figure 168 in the conclusion that if 
the symmetry of zincite is that of 6e and if the chosen unit cell is not only 
the simplest one which fits these data but is actually the correct one, then 
the structure of ZnO is probably [e]. The intensities of other lines in these 
photographs do not conflict with this structure. Its structure factor, 
^2 ^ jg ] 2 ot sensitive to small changes in v and as a consequence the 
positions of the oxygen atoms cannot be more precisely established from 
the available data. The xmit cell of [e] is shown in Figure 170; its dimen- 
sions are ao = 3.251 A^, Co = 5.226A° {1922 , 95). 

BeryUium Oxide, .BeO.— Crystals of BeO are known to have hex^onal 
symmetry. Powder photographs {1922, 59) which have the same general 
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ctaracteristies as those of zincite make it highly probable that the two 

crystals have the same type of atomic arrangement presumably [e] of 



Fig. 170. — The unit cell of the zinc oxide arrangement [e']. According to the descrip- 
tion in the text the zinc atoms are represented by ringed circles, the atoms of oxygen 
by full circles. 


Figure 170. The sequences of relative intensities are similar, though of 
course not the same, in the two kinds of photographs. ^ 

From the powder photograph ao == 2.696A and Co = 4.394A , corre- 
sponding to an axial ratio of a : c == 1 : 1.63. The parameter v defining 
the position of the oxygen atoms is perhaps near to 5/8, though it has 
not been established from these data. 

An earlier powder investigation {192^, 36) of BeO was thought to 
establish a cubic sodium chloride arrangement of its atoms. It can be 
shown {1922, 59), however, that considering the resolution of these photo- 
graphs all of the apparently cubic lines can be accounted for in terms of the 
hexagonal structure just described. 

Cddum Oxide, CaO {1920, 19; 1921, ^6; 1922, 36; 1923, SSa) .—Crystals 
of CaO, like those of MgO, are optically isotropic and therefore have cubic 
symmetry. Powder photographs from CaO are similar to those from 


Table V. Intensities of the Principal Powder Peplections of CaO- 
(Noa = 18, No = 10) 


lUDICfBa 

Observed 

Intensity 

Calc, for [4b, 4c3 

Calc, for [4b, 

111(1) 

medium-strong 

1,5 

10 

100(2) 

strong 

10 

0.8 

110(2) 

strong 

8.8 

8,8 

113(1) 

medium-weak 

1 

6.5 

111(2) 

medium-weak 

3.6 

0.3 

100(4) 

weak 

2 

1.9 

133(1) 

weak 

0.5 

3,3 

120(2) 

strong 

6 

0.5 

112(2} 

medium-strong 

4.9 

4.8 
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MgO. From them the ratio m/n^ is found to equal four. Except for an 
apparently too intense 111(1) reflection, the data of Table V show satis- 
factory intensity agreements with the demands of the sodium chloride 
arrangement [4b, 4c]. Lengths of the edge of the unit cube containing 
four molecules (Figure 167) have been given as 4.74A®, 4.77 0.05A° 

(m£, 36), 4.84^^" and 4.790 ± 0.004A® (mS, 33a). 

Strontium Oxide, SrO [1921, IfB; 1922, 86 ). — Strontium oxide is cubic 
and apparently isomorphous with CaO. Recorded lines in its powder 
photographs agree in position with those of a sodium chloride arrange- 
ment [4b, 4c] for which ao = 5.104 =*= O.OlA®. Their intensities do not 
give a thoroughly satisfactory fit with the requirements of this structure 
(Table VI). Strontium oxide takes up water and carbon dioxide with 

Table VI. Intensities op the Peincipal Powder Reflections op SrO 


(Nsr == 36, No = 10) 


Indices 

Observed 

Intensitt 

CaJc. for (4b» 4cl 

Calc, for 

111(1) 

very weak 

5.9 

10 

100(2) 

strong 

10 

2.6 

110(2) 

strong 

8.8 

7.2 

113(1) 

strong 

3.9 

6.5 

111(2) 

medium-weak 

3.6 

0.9 

100(4) 

medium-weak 

1.9 

1.6 

133(1) 

medium-weak 

2 

3.3 

120(2) 

medium-strong 

6 

1.6 

112(2) 

medium-strong 

4.9 

4.0 


great readiness and it is very probable that these intensity disagreements 
are to be ascribed to a coincidence of impurity lines with those of the 
anhydrous oxide. Though it is likely that SrO has a sodium chloride 
arrangement of its atoms (Figure 167), more work is needed to correct 
these intensity irregularities. 

Powder photographs^ of a fusion of equal parts of CaO and SrO showed 
the principal powder lines of the sodium chloride arrangement with a value 
for ao midway between those for CaO and SrO. It thus appears that these 
oxides form solid solutions which remain stable down to room temperatures. 

Barium Oxide, BaO (1921, 46; 1922, 86 ). — ^Barium oxide is cubic and 
presumably isomorphous with the other alkaline earth oxides. The pub- 
lished powder diffractions have the positions demanded by a sodium 
chloride arrangement [4b, 4c] (Figure 167) for which ao = 5.50 =*= 0.02A‘^ 
or 5.47A°. The fact that the intensity data are in good agreement with 
this structure (Table VII) suggests that a better photograph from* a less 
altered sample was obtained from BaO than from the analogous SrO. 

1 These photographs were made by the writer upon material furnished by P- Eskola. 
No data have yet been published. 
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Table YII. Intensities op the Pbincipal Poweeb Reflections op 
BaO (NBa - 54, So = 10) 


Ini>hjes 

Observed 

toENsirr 

Calc, for [4b, 4c] 

Calc, for [4b, 4d] 

111(1) 

medium-strong 

8.8 

10 

1CK)(2) 

strong 

10 

3.4 

110(2) 

strong 

8.9 

6.4 

llS(l) 

strong 

5.7 

6.5 

111(2) 

medium-strong 

3.7 

1.3 

1(M)(4} 

medium-weak 

2 

1.4 

133(1) 

strong 

3 

3.3 

120(2) 

medium-strong 

6 

2.1 

112(2) 

medium-strong 

4.9 

3.6 


Cadmium Oxide, CdO . — Optical examination shows that cadmium 
oxide, unlike zinc oxide, has cubic s^mametry. Powder photographs (192^ ^ 
83) prove that m/id = 4 and agree both in the positions and the intensities 
(Table VIII) of their lines with a sodium chloride arrangement [4b, 4c]. 


Table VIII. Intensities oi^he Prinotal Powder Reflections op 
CdO (Ncd = 46, No - 10) 


iNDicsa 

Observed 

111(1) 

medium-strong 

100(2} 

strong 

110(2} 

strong 

113(1) 

strong 

111(2) 

medium 

100(4) 

medium-weak 

133(1) 

medium 

120(2) 

strong 

112(2} 

strong 


iNTENSnT 


Calc, for [4b, 4c] 

Calc, for [4b, 

7,7 

10 

10 

3.1 

$.9 

7.0 

5.0 

6.5 

3.6 

1.2 

2 

1.5 

2.6 

3.3 

6 

2.0 

4.9 

3.9 


The length of the edge of the unit cube (Figure 167) is determined as 
a0 ^ 4.72A^ (mo, 19; 83). 

Nickel Oxide, NiO (1920, 19; 1921, 28 ). — It has been stated, without 
as yet the publication of any data, that NiO shows a sodium chloride 
arrangement [4b, 4c] of its atoms. The length of the edge of the unit 
cube (Kgure 167) is given as ao = 4.14A® and 4.20 A°. Uninterpreted 
measurements of a powder photograph have also appeared (1922, 43). 

Cobalt Oxide, CoO (1922, 4 ^). — Cobaltous oxide gives a powder photo- 
graph which has the general appearance of one arising from a sodium 
chloride arrangement. No determination of structure based upon data 
from this or other photographs has ever been made. 

Dioxides. — As thorough as possible a study of structures has been 
earned out on the cubic, and isomorphous, dioxides of cerium, thorium 
and uranium. Satisfactory investigations of other dioxides have not yet 
been made. Nevertheless powder photographs and spectrometer measure- 
ments have been made upon quartz and spectrometer observations are 



STRUCTURES OF CARBIDES, OXIDES, SULFIDES, ETC. 279 

recorded upon the two tetragonal forms of Ti02 and upon S 11 O 2 , ZrSi 04 and 
TliSi04. 

Uranium Dioxide, UO 2 (1928, 41 )- — The crystals of natural U02y brog* 
gerite, are optically isotropic. Lane photographs have been taken through 
sections of a crystal of brdggerite cut roughly parallel to (111) and (100) 
faces. These photographs show the appropriate s}Tiimetry characteristics 
but the crystals are not sufficiently perfect to yield results of great use in 
crystal structure determination. It is therefore necessary to rely upon 
the powder photc^raphs which have been prepared from both powdered 
brdggerite and artificial UO 2 . The usual interpretation of these photo- 
graphs, which are essentially alike^ combined with the density of UO 2 
shows that m/n^ = 4. No lines are found that require m to be greater 
than four. With the exception of a few faint lines which are in part not 
of constant occurrence and are probably due to impurities, all observed 
powder reflections are those to be expected from a face centered arrange- 
ment [4b] of atoms. The intensities of these lines are also approximately 
those given by such a grouping. In view of the overwhelmingly great 
scattering power of uranium compared with oxygen atoms, this must mean 
that the former have a face centered arrangement. Proceeding from this 
fact an inspection of the results of the theory of space groups (1922, 111) 
shows three possible arrangements with four molecules of UO 2 in the unit 
cube. They are: 


[4b, 8e] 


Uranium atoms: 
Oxygen atoms: 


000; MO; m; o|i 


111 . 133 . 313 . 331 . 333 . 31 1 . 131 . 1 13 
4 44 } 4 4 4 j 4 4 4 j 4 4 4 y 4 4 4 y 44 4 j 4 4 4 y 444 • 


This, the calcium fluoride arrangement (Figure 171), can be deduced from 
the space groups Ti— 3, O— 3 and Oi— 5. 

[4d, 8d] Uranium atoms: -tri; Hi', Hi', Hi, 

Oxygen atoms: uuu; uuu; uuu; uuu; 

u + i u + i, I - u; i - u, f - u, f - u; u + I, I - u, u + I; f - u, 
u + 5, U + i'- 

This arrangement can be obtained from the space groups Ti— 2, 0—2 
and Oi— 4. 


[4b, 8h] Uranium atoms: 000; MO; iOJ; 0M> 

Oxygen atoms: uuu; u + I, § — u, ii; u, u + J, | — u; 

J — u, ii, u + I; uuti; f — u, u + i, 

u; u, i — u, u + I; u + I, u, I - u. 

This, the pyrite arrangement (Figure 176) arises from the space group 
Ti-6. 
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Neither crystals of UO 2 nor those of the isomorphoiis thorium and 
cerium dioxides show any evidence of p^Titohedral symmetry* For this 
reason [4bj 8h] is somewhat improbable as the correct atomic arrangement. 
Because of the insignificant effect of the oxygen atoms it is, however, 
not possible either to eliminate definitely this structure or to make any 



Fig. 171 . — Tke unit cube of the ^'calcium fluoride arrangement^ [4b, 8e]. Calcium 
atoms, [4b], are represented by ringed circles, the fluorine atoms, [8e], by small black 
circles. 


final choice between these three arrangements. Of the first two the 
calcium fluoride structure has that degree of probability which attaches 
to the fact that it, but not [4d, 8d] has been found for other crystals. 

The powder data upon both broggerite and artificial UO 2 lead to 
5.47A° as the length of the edge of the unit cube containing four molecules. 

Thorium Dioxide^ ThO^ {192Sy 4 ^)- — ^Thorium dioxide gives the same 
type of powder photograph as TJO 2 . It thus presumably contains four 
chemical molecules witfajin the unit cell and has its thorium atoms arranged 
according to the face centered cubic arrangement [4b]. The length of the 
edge of this unit was found to be ao = 5.6lA^. As was true of UO 2 several 
faint lines were observed besides those to be expected from the thorium 
atoms alone or from a calcium fiuoride arrangement for ThOa; although 
indices can be assigned to these lines it seems more probable that they 
are due to impurities. 

Thorianite (Th, U )02 (1923, 41 ). — ^A powder photograph from a sample 
of Ceylon thorianite was similar to the photographs from UO 2 and Th02. 
The length of the side of the unit cell containing four molecules was found 
to be a© = 5.57A®. Material from thte same locality (the Galle district) 
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has been found to contain from 27-33% of UO 2 and from 1-2% of the 
rare earths. 

Cerium Dioxide, CeOz {1923, 47).— Cerium dioxide gives a pattern 
p,-Tm'1a.r to that of the other two oxides. It was grown in crj-stals of micro- 
scopic size and showed itself to be optically isotropic. As the calculations 
and intensity data of Table IX will show, the cerium atoms are light enough 


Table IX. 


Indices 

111 ( 1 ) 

100 ( 2 ) 

110 ( 2 ) 

113(1) 

111 ( 2 ) 

100(4) 

133(1) 

120 ( 2 ) 

112 ( 2 ) 


Intensities of the Principal Powder Reflections op 
CeOj (Nce + + + + = 54, = 10) 

iNTENsrrr 

Observed Calc, for Ce atoms alone Calc, for 14b, 8e] 


very strong 

10 

10 

weak 

5.4 

2.1 

very strong 

4.7 

8.9 

very strong 

6.5 

6.5 

very weak 

1.9 

0.8 

weA: 

1.0 

2.0 

strong 

“ 3.3 

3.3 

medium ^ 

3.2 

1.3 

very strong 

2.6 

4.9 


so that the presence of oxygen has become definitely appreciable. It is 
therefore worth while to compare the intensity requirements of the most 
probable structure— the calcium fluoride arrangement [4b, 8e]— with the 
observed intensities of the powder lines. 

The A and B terms in the structure factor of expression (26) for [4b, 8e] 
have the following values: 

When n is odd; 

If the iudices are two odd and one even or two even 
and one odd, A = B = 0; 

If the indices are aU odd, A = 4Ce, B = 0; 

When n = 2, 6, etc. : 

If the indices are two even and one odd or all odd, ■ (38) 
A = 4Ce - 80, B = 0; _ 

If the indices are two odd and one even, A = 4Ce + 80, 

B = 0; 

When n = 4, 8, etc.: 

A = 4Ce -f- 80, B = 0 always. 

An application of these quantities in (26) leads to the intensities of the 
fourth column of Table IX. Their good agreement with the observed 
intensities makes it increasingly probable that crystals of CeOa (and by 

1 This line is particularly strong in the photographs because the unscreened E-^ 
reflection from 211(2) is contributing to it. 
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inference those of ThOt and UO 2 ) have this calcium fluoride arrangement 
of their atoms (Figure 171). A few faint lines were found which must be 
attributed to impurities if Ce02 has this atomic grouping. Since a small 
amount of foreign material was known to be present, the occurrence of 
such doubtful lin^ is not surprising. 

The length of the edge of the unit cube containing four molecules was 
determined to be ae = 5.41A*^. 

Quartz, Si02—The low temperature form of quartz is the only crystal- 
line modification of silica for which an attempt at crystal structure deter- 
mination has been made. Laue photographs (1915, 18; 1916, 15) have 
been produced but only data from spectrometric (1914i A) and powder 
photographic measurements (1923, 67) have been used in assigning atomic 
arrangements. None of the treatments of these observations are ade- 
quate for establishing the probably correct atomic grouping. Two struc- 
tures have been suggested upon the basis of the spectrometer reflections; 
one is purely hexagonal (1914, A), in the other the silicon atoms lie upon a 
rhombohedral lattice (1920, 2). An arrangement has also been suggested 
(1923, 67) which is said to be in qualitative agreement with the powder 
data from quartz; these data have not, however, yet been pubhshed. 

Rutile, Ti02, — Two spectrometric studies have been made upon crys- 
tals of rutile. The experimental results are not the same and as a con- 
sequence the suggested arrangements are different. One of these seems 
almost too complicated to be correct (1917, 27); the other (1916, 31) may 
be a probably correct structure but the existing data and their treatment 
are insufficient to prove it. 

AfiMme, TiOt (1916, 32) and Zircon, ZrSiOi (1916, 31). — Spectrom- 
eter observations have been made upon each of these tetragonal crystals. 
The data and their treatment do not seem capable of establishing their 
atomic arrangements. 

Cassitmfe, Sn02- — The experimental data (1916, 31; 1917, 27) and 
their treatment for stannic oxide are similar to but less complete than 
those for rutile. Unanalyzed powder data (1922, 43) and Laue photo- 
graphs (1916, 14) have been published. It has also been shown (1923) 
103) that stannic oxides precipitated under various conditions all give 
the same diffraction pattern as macro-ciystalline Sn02. Both the alpha- 
and the meta-stannic acids are composed of minute crystals of Sn 02 : the 
crystals of the alpha-form are smaller than those of the other. ^ 

Thorite, ThSiOi (1916, 31). — Crystals of thorite, which is commonly 
related crystaHographicaUy to the preceding tetragonal minerals, did not 
give spectrometer reflections. This is not surprising in view of the fact 
that thorite is ordinarily found in an altered condition. 

^ From unpublished data of E. W. Fosnjak. 
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Trioxides 

AlwninOi, AI 2 O 3 and Hetnutite, Fb^Cs- — A few spectrometer observatioos 
{1915, 4, p. 169) have been made upon AI 2 O 3 and Fe 203 . From them a 
structure has been proposed which resembles that of calcite. These data 
and their treatment are not, however, adequate for determinations of 
atomic arrangement. Powder photographs {1922, 43) have been prepared 
from AI2O3 made under different conditions; but no attempt was made to 
analyze them. The effect of temperature {1922, 7) upon the intensities 
and positions of diffraction effects has been illustrated through some 
spectrometer reflections obtained at temperatures up to 950°C. The 
change in relative atomic positions within the crystal which accompanies 
this heating is shown by the more rapid decrease of the intensity of 111 ( 1 ) 
than of 111 ( 2 ) with increase in temperature. 

. Arsenic Trioxide, AS 2 O 3 {1923, 15). — ^Arsenic trioxide is dimorphous. 
The form stable at low temperatures crystallizes in octahedrons and is 
commonly supposed to have cubic symmetry. Its crystals, however, 
exhibit optical anomalies which have sometimes been held to prove that 
the true symmetry is pseudo-cubic rather than cubic. 

Proceeding upon the assumption that their symmetry really is cubic 
the following study has been made of the structure of crj’-stals of AS 2 O 3 . 
Octahedral crystals were prepared by cooling a hydrochloric acid solution 
of AsaOs containing small quantities of sodium chloride. Reflection spec- 
trum photographs from the ( 100 ), ( 110 ) and ( 111 ) faces of these crystals 
show that the smallest unit consistent with them has a length of edge of 
ao = 11.06A°. This knowledge combined with the known density yields 
m/n® = 16. There is no evidence either from these spectrographic 
measurements or from the Laue photographs to indicate that m should be 
greater than 16. The reflections from single faces further show that up 
through the eighth order of reflection, only fourth and eighth order spectra 
are to be found from ( 100 ), that odd orders are absent from the ( 110 ) face 
and that all orders of reflection are present from (111). In accord with 
these observations are the Laue photographic data which give first order 
reflections only from planes with all odd indices and second order spots 
both from planes with two even and one odd and with two odd and one even 
indices. Furthermore reflections are missing from the only two planes 
(Okl), where k and 1 are one even and the other odd, which were in posi- 
tions to give second order effects. These data suggest (see page 219) that 
the corresponding space group for this crj^stal is Oi — 7. If it is assumed 
that the arsenic atoms are alike and that the oxygen atoms are also alike, 
then a consideration of all of the special cases of the cubic space groups 
shows that this assignment to Oi — 7 is the only one possible and that the 
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atomic positions of the arsenic atoms are given by the coordinates 

111 ): 

(32b) uuu; u + u + I, u; u + u, u + §; u, u + ii u + 

uuu; u + f, i - u, u; u + i u, i - u; u, i - u, I - u; 

uuuj J — u, u “b uj § u, u, 2 uj ii, u -f" 2) 5 

utiu; I — u, I — u, u; | — u, u, u + u, | — u, u + 

i - u, i - u, I - u; f - u, f - u, i - u; i - u, i - u, 

f - u; I - u, f - u, i - u; 

i — u, u + i, u + i; I — u, u + I, u + }; f — u, u + J, 
u + I - u, u + I, u + f ; 

u + i, 2 - u, u + i; u + i, 1 - u, u + i; u + i i - u, 

U + i; U + i, i - u, u + f ; 

u + i u + i, J - u; u + i, u + i i - u; u + I, u + i, 

I - u; u + i u + f, f - u. 

The coordinates of the oxj’gen atoms similarly must be: 
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By making only the most qualitative use of the two “laws” of scat- 
tering, it can be shown with expression (20) that the relative intensities of 
the Laue spots can be accounted for only when u = 0.895 =“= 0.005 and 

V == ±0.21. 

The arrangement [32b, 48c] of the atoms in cubic crystals of AS2O3 as 
determined in this manner is shown in Figure 172. This structure is 
most simply interpreted as a diamond arrangement of AS4O6 molecules; in 
this grouping half of the molecules (the ones occupying positions analogous 
to those of the zinc atoms in cubic zinc sulfide) have one orientation, the 
other half (corresponding to the sulfur atoms in ZnS) are differently turned 
with respect to the coordinate axes. Within each of these molecules 
every arsenic atom is nearest to three oxygen atoms and each oxygen atom 
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is equidistant from two arsenic atoms; there is thus no necessary conflict 
between this structure and the demands of the old rules of valence. 



Replace ® by R^Iace ® by 



Fig 172.— The unit cube of the atomic arrangement m cubic AsjOj. For the reoo^ 
straotion of this atomic grouping the symbols 0 and _ ® in A 

B and C; the centers of the symbols are to be taken coincident with the cetera of toe 
gma.1l cubes. Large black circles represent the arsenic atoms; the small circles are 

atoms of oxygen. 


Antzmonous Oxide, Sb^Os {mS, 15).— Crystals of Sh^Oz are obtained 
which are crystallographically isomorphous with the cubic modification 
of AssOa; they present the same sort of optical anomalies which have been 
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mentioned for As^Og. Assuming that their s^mmetr}" is truly cubic, the 
atomic arrangement in crystals of Sb203^ as the mineral senarmontite, 
was determined by the same process followed in studying arsenic trioxide. 
The crystal used contained about 3% of arsenic, a trace of bismuth and 
about 10% of alkaline earths (presumably in mechanical admixture). 

The diffraction data, from spectrographic measurements and Laue 
photographs, are strictly analogous to those from AS2O3 and lead to the 
same type of atomic arrangement. The calculated structure factors 
agree qualitatively wuth the intensities of the observed reflections when 
u = 0.885 0.005 and v = 0.23. 

The length of the edge of the unit cube containing eight molecules of 
Sb40® (Figure 172) was found to be ao = 11.14A°. 

Uranium Trioxide^ UOz {1923, ^1 ). — Powder photographs have been 
made from UO3 prepared by heating ammoifium uranate for 16 hours at 
230°C and then for 20 hours at 160^-270°C. Aside from a few faint lines 
which can be attributed to UsOg, these photographs showed only a general 
blackening. It thus appears that UO3 made in this way is completely 
amorphous. 

Cleveite {1923, 41)- — Pow’der photographs of this mineral from three 
different localities have been exanained. Material from two of these 
sources has been analj^zed and found to be predominantly UO3 in compo- 
sition. Nevertheless all of the powder patterns consisted of the lines of 
UO2 on blackened backgrounds. The dimensions of the unit cubes also 
proved to be identical with those of pure UO2, namely ao == 5.47A®. In 
order to shed more light upon the problem of this identity in pattern with 
UO2, cleveite was heated for one half hour at 800 °C; at the conclusion of 
this treatment the powder pattern was predonainantly that of XJsOg and 
very faintly that of UO2. Broggerite (UO2) heated u^ider these same 
conditions continued to give only the pattern of UO2. From these obser- 
vations it is thought possible that cleveite consists of a UO2 structure 
which has dissolved oxygen; the data do not, however, appear to preclude 
the possibility of it being composed of amorphous UO3 with an admixture 
of a comparatively small proportion of as yet unaltered UO2. 

Other Oxides 

Pitchblende {1928, 4 I ). — Powder photographs have been obtained from 
two specimens of pitchblende. That from Joachimstal showed strongly 
but upon a blackened field the same planar reflections that have been 
observed in UO2. The other sample (locality unknown) gave the strongest 
of these lines. In both photographs there was an appreciable broadening 
of the reflections which points to a minuteness in the size of the individual 
crystals. From these photographs it appears probable that pitchblende 
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consists of a mixture of some crystalline UO 2 with amorphous and more or 
less oxidized and altered higher oxides of uranium. The slightly smaller 
spacings of UO 2 (ao == 5.42 — 5.45A^) in this mineral are probably to be 
ascribed to the presence of lead and other metals in solid solution. 

UsOs {1923, 41). — This oxide was prepared by heating UO 3 in air. 
A specimen which had been heated at ^ 785°C for 37' hours gave a pow- 
der photograph in which the lines were broadened due to the minute size 
of the individual crystals. Another preparation made by heating UO 3 at 

1040°C for eight hours was crystalline under the microscope and 
yielded a powder photograph of sharp lines. The observed lines in these 
patterns are not those of a cubic crystal; this fact agrees with the apparent 
double refraction of the crystals in the preparation grown at =*= 1040'^C. 
No attempt has been made to deduce either their S 3 anmetry or their 
structure from the powder data. 

Hydroxides 

The isomorphous magnesium and manganous hydroxides are the only 
hydroxides for which attempts have been made to determine atomic 
arrangement. 

Pyrochroite, Mn(OH)z (1919, 2 ). — Laue photographs alone are available 
for this crystal which is ordinarily assigned the symmetry of the holohedral 
class of the rhombohedral division of the hexagonal system, 3Di. A 
photograph taken with the X-rays normal to the base, (00*1), showed 
trigonal with a close approach to hexagonal symmetry. Most of the 
observed spots did not fulfill the demands of the criterion which has been 
suggested to distinguish the rhombohedral from the hexagonal lattice; 
the unit cell has consequently been assumed to be an hexagonal prism. 
Calculations of wave lengths of reflection together with a knowledge of 
the shortest wave lengths present in the primary beam show that a unit 
having the following dimensions agrees with the data: ao = 3.34A , 
Co = 4.68A^, corresponding to the axial ratio a : c = 1 * 1.40. From the 
density it is found that one molecule of Mn(OH )2 is contained within this 
cell. 

If it is assumed that the crystaUographically determined S 3 nnmetry 
clasSj 3Di, represents the symmetry of atomic arrangement, then a refer- 
ence to the results of the theory of space groups shows that the following 
arrangement is the only one possible for the single molecule unit (see 
3Di~-3): 

[h] Manganese atom: 000, 

Oxygen atoms: i | u; f i ti, 

Hydrogen atoms: presumably the same as oxygen 
with a different value foi: u. 
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By plotting tlie values of the structure factor for different values of u 
for such pairs of forms as 05 •2 and 50*2, it can be shown without any 
quantitative use of the laws’’ of scattering that 

0.166 < u < 0.25. 

After calculating the relative intensities of the different Laue spots using 
as good scattering assumptions as are available, it is thought that u = 0.22 
==2/9 furnishes the most satisfactory agreement within this range. 

The unit cell of this structure for Mn(OH )2 is shown in Figure 173. 



Fig. 173 , — The unit cell of the pyrochroite arrangement [h]. The manganese atoms 
are designated by ringed circles, the oxygen, atoms by black circles. No positions 
are shown for the hydrogen atoms. 

It should be noted that the dimensions — ao = 3.34A'^, Co = 4.68A'^ — have 
not been obtained by accurate diffraction measurements. 

Bruciie, Mg{OH) 2 < — Laue photographs {1919, 2) of two specimens of 
manganese-bearing brucites were found to be similar to those from pyro- 
chroite and led to the atomic arrangement that has just been described 
for Mn(OB[) 2 . As well as could be determined the parameter u defining 
the positions of the oxygen atoms is the same as in pyrochroite. A powder 
photograph {19^1, 3) of precipitated pure Mg(OH )2 gave data in accord 
with this assignment of structure but it could not be used for a more 
accurate placing of the oxygen atoms. The dimensions of the unit cell 
(Figure 173) were not deduced from this photograph but its results are in 
approximate agreement with the calculated dimensions for Mg(OH )2 : ao = 
S.ISA'^, Co = 4.75A*^, corresponding to an axial ratio of a : c = 1 : 1.521. 

Sulfides, Selenides, etc. 

Monosulfides, etc., of the Univalent Metals 

Guprom Sehnide, Cy>S& (1923, SSb). — ^It is stated, without as yet the 
publication of any data, that CusSe has cubic sy m metry and crystallizes in 
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the calcium fluoride arrangement [4b, 8e| (Figure 171). The unit cell is 
given as: ao - 5.751 0.007A^ 

Monosulfides, etc., of the Divalent Metals 

Magnesium Sulfide, MgS {1923, 50). — Magnesium sulfide is supposed 
to crystalKze in the cubic system. Its powder photograph gives hues 
which agree with this symmetry and show that m/n^ = 4. There are no 
data to indicate that m should be greater than four. With the exception 
of one line, to which rational indices can be assigned but which more 
probably is due to impurities in the magnesium sulfide, aU of the observed 
lines are those characteristic of [4b, 4c] and [4b, 4d], the sodium chloride 
and zinc sulfide arrangements. Taking the atomic scattering powers as 
proportional to the electron numbers of doubly charged magnesium and 
suKur “ions,’^ the calculated intensities for these two structures are com- 
pared with observation in Table X. It is immediately apparent that the 


Table X. Intensities op the Peincipae Powdeb Reflections jmoM 
MgS (Nmk - 10; Ns = 18) 


Indices 

Obsenred 

Intensitt 

Calc, for I4b, 4c] 

Calc, for [4b, 4d] 

111(1) 

absent 

1.5 

10 

100(2} 

very strong 

10 

0.8 

110(2) 

very strong 

8.8 

8.8 

113(1) 

weak 

1.0 

6.5 

111(2) 

very strong 

3.6 

0.3 

100(4) 

medium 

2.0 

1.9 

133(1) 

weak 

0.5 

3.3 

120(2} 

very strong 

6.0 

0.6 

112(2) 

very strong 

4.9 

4.8 


zinc sulfide structure must be excluded; the agreement with the sodium 
chloride arrangement [4b, 4c], which these data then indicate as the correct 
one, is probably as good as the experimental estimates of intensity. 

From these data the unit cube (Figure 167) is found to have a length 
of edge : ao — 5.078 =±= 0.012A°. 

Calcium Sulfide, CaS {1923, 50). — ^Crystals of CaS have cubic S 3 nn- 
metry. The powder pattern is analogous to that of MgO and leads to 
m/n^ = 4 with no evidence for a value of m greater than four. Except for 
one line, which probably is to be ascribed to an impurity, the observed 
reflections indicate either a sodium chloride or a zinc sulfide arrangement. 
The comparison between the calculated intensities for these two arrange- 
ments and the observed intensities of diffraction lines (Table XI) elim- 
inates [4b, 4d] and shows acceptable agreement with the sodium chloride 
structure [4b, 4c]. If, as seems probable, the calcium and sulfur atoms are 
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Table XI. Intensities of the PkiitoipAl Powdee Reflections fkom 
CaS (Nca = 18; Ns = 18) 


Inbices 

Observe d 

111(1) 

absent 

100(2) 

very strong 

110(2) 

very strong 

113(1) 

weak 

111(2) 

strong 

100(4) 

strong 

133(1) 

absent 

120(2) 

very strong 

112(2) 

very strong 


Intensity 

Calc, for [4b, 4c] 

Calc, for [- 

0 

10 

10 

0 

8.9 

9.5 

0 

6.5 

3.7 

0 

2.0 

2.1 

0 

3.3 

6.0 

0 

4.9 

5.2 


charged, then there would be no odd order reflections from planes with all 
odd indices if the scattering powers were simply proportional to the electron 
number of atoms. Nevertheless though 111(1) was not observed, 113(1) 
and 133(1) were found. Such facts agree with the statement that this 
proportionality becomes less accurately fulfilled the less the spacings 
between identical reflecting planes. 

These data (19£S, 50) lead to a length of edge of the unit cube (Figure 
167) of ao = 5.600 * 0.008A°. Another determination (1923, 33a), upon 
which no data have appeared, is said to yield ao = 5.686 =>= 0.006A°. 

Sirontium Sulfide, SrS (1923, 50).— Strontium sulfide is supposed to 
give crystals with cubic symmetry. Its powder photograph fits this sym- 
metry and shows that m/n® == 4, with no evidence for a value of m greater 
t.ha.Ti four. The diffraction lines are those to be expected from the sodium 
chloride or the zinc sulfide arrangements. As the intensity calculations 
of Table XII show, the structure cannot be the latter. The agreement 


Table XII. Intensities op the PBmciPAL Powder Reflections from 
SiS (Na = 36; Ns = 18) 


Inbices 

Observed 

Intensitt 

Calc, for [4b, 4c] 

Calc, for [4b, 4d] 

111 ( 1 ) 

absent 

2.1 

10.0 

100(2} 

very strong 

10.0 

1.1 

110(2) 

very strong 

8.8 

8.5 

113(1) 

medium 

1.3 

6.5 

111(2) 

sixong 

3.6 

0,4 

1£K)(4) 

strong 

2.0 

1.9 

113 ( 1 ) 

medium 

0.7 

3.3 

120(2) 

very strong 

6.0 

0.6 

112(2) 

strong 

4.9 

4.7 


with the requirements of the sodium chloride arrangement [4b, 4c] is fair 
and probably as good as the experimental estimates of intensity. 
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The length of the edge of the unit cube (Figure 167) as obtained from 
these data is ao = 5.866 =t= 0.011A°. 

Barium Sulfide, BaS {192S, 50 ). — The powder pattern of BaS is strictly 
analogous to that of the other alkaline earth sulfides and meets the demands 
of a cubic crystal containing four molecules within the unit cell. As the 
intensity calculations of Table XIII indicatej the zinc sulfide arrangement 


Table XIII. Intensities op_the Princepal Powdbb Reflections fbom 
BaS (Nsa = 54; Ns = 18) 

Intensitt 


Indices 

Observed 

Calc, for [4b, 4 c] 

Calc, for [4b, 4d| 

111(1) 

weak 

4.7 

10.0 

100(2) 

very strong 

10.0 

2.1 

110(2) 

very strong 

8.8 

7.5 

113(1) 

strong 

3.0 

6,5 

111(2) 

medium 

3.6 

0.8 

100(4) 

strong 

2.0 

1.7 

133(1) 

medium 

1.6 

3.3 

120(2) 

very strong 

6.0 

1.3 

112(2) 

very strong 

4.9 

4.2 


is an impossible one for this crystal. The structure is thus probably the 
sodium chloride grouping [4b, 4c] (Figure 167) though the intensity fit is 
not so good as usual. It seems probable that this is due partly to impuri- 
ties in the BaS; better agreement might also result from a more accurate 
estimation of the intensities of the powder lines. 

The length of the edge of the unit cell, as determined from these meas- 
urements, is ao = 6.346 =*= 0.003A°. 

Zinc Blende, ZnS {1918, 6; 1914, 1^, IS; 192S, S7).— Zinc blende is 
the cubic modification of ZnS. Its face development is that of a crystal 
having the symmetry of the point group Te. Spectrometric observations, 
Laue and powder photographs have aU been prepared. The spectrometer 
measurements show that m/n® = 4 and point to the arrangement [4b, 4d] 
as the probable one. Neither the Laue nor the powder data suggest that 
m should be greater than four. The presence of only reflections with all 
odd indices in odd orders combined with the results of space group theory 
(see page 215) leads to either structure [4b, 4c] or structure [4b, 4d]. The 
ntensity data from any of these experiments, but best the powder data, 
show that the sodium chloride grouping is an impossible one ; at the same 
time they yield (Table XIV) satisfactory agreement with the zinc sulfide 
grouping [4b, 4d]. 

The arrangement of the atoms in the cubic crystals of ZnS must then 
be the following (Figure 174) : 

[4b, 4d] Zinc atoms: 000; 140; 404; 044, 

Sulfur atoms: 444; 144; 141; 4tf- 
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Table XTV. Intensitibs op the_Peincipal_Powdbb Reflections fbom 
Zinc Blende (Jfza = 28; Ns = 18) 


- Indicbb 

Observed 

Intensitt 

Calc, for [4b, 4c] 

Calc, for I4b, 4dJ 

111(1) 

4 

0.0 

10,0 

100(2) 

1 

10.0 

0.5 

110(2) 

4 

8.8 

9.0 

113(1) 

4 

0.6 

6.5 

111(2} 

1 

3.6 

0.2 

100(4) 

2 

2.0 

2.0 

133(1) 

3 

0.3 

3.3 

120(2) 

0 

6.0 

0.3 

112(2) 

4 

4.9 

5.0 

The length of the 

edge of the unit 

1 cube deduced from the spectrometer 

measurements was 

ao = 5.42A®; from the powder data 

it was found to be 


ao = 5.40A° (im, 37). 



JiQ, 174. — ^The unit cube of the zinc sulfide arrangement r4b;, 4d]. Either the zinc or 
the sulfur atoms can be represented by the ringed circles. 

Wwrt^te, ZnS. — ^Wurtzite, the hexagonal modification of ZnS, is gen- 
erally considered to be isomorphous with zincite, ZnO. The powder 
photograph (19^3 j 1) to which it gives rise has the same general charac- 
teristics as that from ZnO. Taking the unit cell for wnrtzite to be the 
same as that for zincite, the absence of odd order powder reflections from 
planes for which 2 h + k = 3 p (see page 273) limits the possible struc- 
tures to [e], [f] and [g], described under ZnO. Reflections having 1 = 0 
are best suited for deciding between these possibilities because they are 
uninfluenced by the value of the variable parameter u. In Table XV 
the calculated intensities [using an expression analogous to (26) except 
that (d/n)^ replaces (d/n)^*®®] for each of these three possible arrange- 
ments are compared with those obtained upon the powder photo- 
graph. They obviously incapable of deciding definitely between [e] 
and [g]; neither are any other available data. Certain reflections appear 
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Table XV. Intensity Data upon Powdeb Reflections feom Wuetzite (ZnS) 

Which Have 1 = 0 


iNTESfsnry 


Indices 

Observed 

Calc, for [e] 

Calc, for [fj 

Calc, for [gj 

10.0(1) 

2 

8.89 units 

0.27 imits 

6.06 units 

11.0(1) 

4 

8.67 

8.67 

8.67 

10.0(2) 

0 

1.46 

0.04 

0.99 

21.0(1) 

1 

1.57 

0.05 

1.07 

10.0(3) 

3 

3.03 

3.03 

3.03 


too strong for a zinc oxide structure [e]. Similar anomalously intense 
reflections have been observed from the structurally related silver iodide. 
Recent work (1928, 91) upon this latter substance with instruments of 
greater resolving power seems to prove that it usually consists of a mixture 
of cubic and hexagonal modifications; it may be that wurtzite actually 
has the zinc oxide structure and that apparent anomalies are to be attrib- 
uted to a similar admixture of cubic crystals of ZnS. Whatever the correct 
explanation it is clear that additional experiments with spectrographs of 
greater resolving power are needed before a satisfactory atomic arrange- 
ment is established. 

If the zinc oxide arrangement (Figure 170) is the correct one for wurt- 
zite then the powder photographic data lead to a unit cell of the following 
dimensions: ao == 3.80 A°, Co = 6.23A°, correspcmding to the axial ratio 
a : c = 1 : 1.638. 

A single basal reflection (1920, 11) from a crystal of wurtzite was also 
found to be compatible with a zincite, [e], grouping. 

Greenockite, CdS (1920, 11 ). — Crystals of CdS have hexagonal S 3 un- 
metry. A single spectrometer measurement was found to be not incon- 
sistent with a zinc oxide arrangement [e]. 

Mercury Sulfide, Natural crystals of HgS are found in two 

modifications — a trigonal one, cinnabar; and a cubic one, metacinnabarite. 
The crystal structure of neither has been adequately determined. Some 
spectrometer measurements (1928, 61) have been made upon cinnabar; 
the structure sugg^ted by them is built upon a unit containing three 
molecules. These data and their treatment are not, however, adequate 
for establishing the probable structure. No diffraction data of any sort 
have yet been published upon the presumably cubic metacinnabarite. 

Galena, PbS . — ^It has been stated (191S, 4, p. 173), pr^umably on the 
basis of spectrometer observations, that the atoms of galena have the 
sodium chloride armngement [4b, 4c]. No data, however, appear ever 
to have been published. 

Alabandite, MnS (1921, 9S ). — Crystals of MnS are isotropic and 
therefore cubic in symmetry. Data from a comparison photograph from 
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the (100) faces of calcite and alabanditej conibiiied with, the density, 
lead to m/iY = 4. Some crystallographic obseiwations have been thought 
to show that MnS is either tetartohedral or tetrahedral in symmetry. 
The lines of its powder photograph are 011I3" those to be expected from 
either the sodium chloride or the zinc sulfide arrangement. It must 
consequently be concluded that if MnS has less than holohedral s^unmetry 
due to the arrangement of its atoms, the grouping must be either that of 
[4b, 4d], or of [4a] or [4f] (see page 270) with parameter values which make 
the arrangement practically ihdistinguishable from [4b, 4c] or [4b, 4d]. 
A comparison of the observed intensities and those calculated for these 
two limiting structures is shown in Table XVI. A zinc sulfide grouping, 


Table XVI. 

Intensities of the Principaii Powder Reflections from 
MnS (NMn = 23; Ns = IS) 

Intensitt 

Indices 

Observed 

Calc, for [4b, 4c] 

Calc, for [4b, 4d] 

111(1) 

0 

0.3 

10 

100(2) 

10 

10 

0.2 

110(2J 

8 

8.8 

9.3 

113(1} 

0 

0.2 

6.5 

111(2) 

3 

3.6 

0.1 

1(X)(4} 

2 

2.0 

2.1 

133(1} 

0 

0.1 

3.3 

120(2) 

6 

6.0 

0.1 

112(2) 

5.5 

4.9 

5.1 


or a near approach to it is obviously in disagreement with the powder 
observations. It is thus shown that the atoms of MnS have a sodium 
chloride arrangement (Figure 167) [4b, 4c], or a grouping indistinguishably 

close to it. 

The length of the edge of the unit cube, as obtained from the calcite 
comparison spectrum measurement, was found to be ao = 5.214A‘^. 

CaMum Selmide, CaSe {192S, SSa). — ^A statement of structure, unac- 
companied by any data, gives crystals of CaSe a sodium chloride arrange- 
ment [4b, 4c] (Figure 167) for which ao = 5.914 =*= 0.006A®. 

Strmiium Sehnide^ SrSe {1922, 88; 1928, 82a), — ^Powder data which 
have not yet been published are said to indicate a sodium chloride arrange- 
ment (Figure 167) of the atoms in this crystal. The length of the edge 
of the unit cell is said to be ao = 6.234 0.006A®. 

Barium Sehnide, BaSe {1928, 82(i), — ^An assignment of structure, also 
unaccompanied by data, gives crystals of BaSe a sodium chloride arrange- 
ment (Figure 167) for which a^ == 6.616 ^ 0.006A°, 

Zifhc Selmide, ZnSe {1928, 88h)* — ^Crystals of ZnSe are said to have 
cubic S5mmietry and a zinc sulfide arrangement [4b, 4d] of their atoms 
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(Figure 174). The length of the edge of the unit cube is given as 
ao = 5.651 ^ 0.007 A°. Published data are lacking. 

Niccolite, NiAs (192S, 1 ). — Crystallographic information assigns crys- 
tals of NiAs to the hexagonal system; but different classes of symmetry 
have been chosen and different axial ratios suggested. 

Laue photographs showed holohedral hexagonal s:yTiimetry and cor- 
responded to an axial ratio of a : c = 1 : 1.430. Powder photographs 
also agreed with this axial ratio. If the crystals from which the Laue 
photographs were prepared were not twinned specimens, then it must be 
concluded that the symmetry of this crystal is that of one of the classes 
6d, 6e, 6D or 6Di. These Laue photographic data permit a unit cell 
containing two molecules and having the dimensions ao = 3.57 A® and 
Co = 5.10A°. The observations, from both the powder and Laue photo- 
graphs, that planes with indices hk- (2 m + 1), where 2 h -f k = 3 p and 
m and p are any integers including zero, are absent would then limit 
possible structures to the three atomic arrangements which have already 
been considered for ZnO. As in the previous instance the value of the 
variable parameter does not influence the intensities of reflections for 
which 1 == 0; they are therefore the most satisfactory diffractions to use 
in choosing between the possible arrangements. Calculations of intensity 
for planes of this sort [using (d/n)^ instead of (d/n)^*^^ in expression (26)] 
are shown in Table XVII. The previously designated structure [g] 
(Figure 175) 


[g] Nickel atoms: OOv; 0, 0, v + 

Arsenic atoms: ifO; f 

is in moderate agreement with the observed intensities of this table; the 

Table XVII. Intensitt Data upon Powdeb Reflections pbom NiiVs Which Have 

1 =0 

Intenstit 


Indices 

Observed 

Calc, for (el 

Calc, for [f] 

Calc, for [g] 

10.0(1) 

1 

6.14 units 

3.64 units 

0.32 units 

11.0(1) 

4 

5.85 

5.85 

5.85 

10.0(2) 

0 

0.98 

0.58 

0.05 

21.0(1) 

0 

1.62 

0.96 

0.08 

10.0(3) 

4 

2.61 

2.61 

2.61 


other structures seem improbable. If v is taken as J, structure [g] accounts 
for the absence of certain ’Laue reflections and at the same time meets the 
requirements of a rule of constant atomic radii. Largely for this latter 
reason it has been supposed to be the probably correct atomic arrangement 
for NiAs. • 

It is difficult to decide what likelihood there is of this structure being 
correct. The published data appear to fit it better than they do the other 
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possibilities but they are scarcely numerous enough to permit of a final 
conclusion. In view of the inaccuracies of an hypothesis of constant 



Fig. 175. — TJbe unit cell of one possible arrangement^ [gl, of the atoms in crystals of 
NiAs. The axes of reference for this unit have Jbeen translated from their positions 
for the text description of this arrangement uj^til the coordinates have become: 
nickel atoms at 000 and OOi; arsenic atoms at || v and J, i—v. 

atomic radii (page 399), arguments based upon it for the determination 
of atomic arrangements cannot receive great weight. It therefore would 
appear that additional experiments are needed before arrangement [g] 
can be accepted the probably true one. 

Disulfides, etc. 

PynUj FeSt - — Crystals of the pyrite modification of FeS 2 are cubic 
with the symmetry characteristics of the paramorphic hemihedral class Ti. 

Spectrometer measurements {1914j 12) upon the (100), (110) and (111) 
faces and Laue photographs (1914} 19, 20) are available. The Laue 
photographs are strongly hemihedral; hence the symmetry of atomic ar- 
rangement in p 3 uite must be that of either T or Ti. Eeflections with all 
odd, two even and one odd and two odd and one even indices all are found 
in the order region of Laue photographs. Consequently the funda- 
mental lattice is the simple cubic lattice. The spectrum observations 
show that m/n^ = 4; no evidence has been reported to show that m is 
greater than four. If it is assumed that in accord with the crystallo- 
graphic information the symmetry is actually hemihedral, and not tetar- 
tohedral, only atomic arrangement [4b, 8h] remains possible. . 

If arrangement [4b, 8h] is the true one then the spectrometer measure- 
ments in different orders indicate that u must be in the neighborhood of 
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0.4. Proceeding upon the assumption that this structure is essentially 
right, Laue photographic comparisons with only the most qualitative use 
of “laws” of scattering have placed the suKur atoms very near to 
u = 0.388. 

This atomic arrangement 

[4b, 8h] Iron atoms: 000; ||0; J0|; 0||, 

Sulfur atoms: uuu; u + |, i — u, u; ti, u + Jj i — u; 
i -ii;U,u + I; 

uuu; I - u, u + I, u; u, | - u, u + f 
u + I, u, I - u 

is shown in Figure 176. For pyrite the spectrometer reflections lead to a 
length of the edge of the unit cube: ao = 5.38A°. 



Fig. 176. — ^The unit cube of the i>yrite arrangement [4b^ ShJ. The iron atoms, [4bl, 
are represented by the ringed circles, the atoms of sulfur, [8h], by the black ones. 

Haueritef MnS 2 (191 4, 19 j W ). — Crystals of hauerite are crystallo- 
graphically isomorphous with those of pyrite. Assuming that the two 
are also structurally isomorphous and have the atomic grouping I4b, 8h] 
it is found from a Laue photographic treatment analogous to that given 
to pyrite that u must be exceedingly close to 0.400. There is no record 
of a measurement of the length of the edge of the unit cube. 

Molybdenite^ M 0 S 2 (19BS, 37 )- — Molybdenite crystallizes in the hexago- 
nal system but there is no certain knowledge of the symmetry class to 
which it belongs. Crystals of M 0 S 2 have excellent basal cleavage and 
with the exception of a couple of prism face reflections, the available 
spectrum and Laue photographs have been made against or through this 
face. Such Laue photographs from natural crystals have holohedral 
hexagonal sy m metry; consequently if they arise from untwinned individ- 
uals, the symmetry must be that of one of the point groups 6d, 6e, 6D or 
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6Di. A unit cell built upon the usual crystallographic axial ratio^ 
a ! c = 1 : 1.95, conflicts with the Laue data. A similarly oriented unit 
wdth twice the axial ratio is in harmony with these and the other data 
and is taken as the simplest one possible. The dimensions of this unit, 
which contains two molecules, are as follows: 

ao = S.ISA^ Co == 12.30A° corresponding to a : c = 1 : 3.90. 

Making the assumption that the two mol^^bdenum atoms are equiva- 
lent to one another and that the four sulfur atoms are likewise all equiva- 
lent, a reference to the results of the theory of space groups (1922 ^ 111) 

shows that six distinct arrangements are imaginable. Five of them do 

not fit the Laue data. The sixth meets their general requirements. It is 
as follows: 

[i| Molybdenum atoms: i I I; 1 1 I? 

Sulfur atoms: i I u; § | u; i | - u; f , i u + i 

For this structure (Figure 177) the relative intensities of 00*1 reflections 

in different orders are in accord with experiment only when 0.11 < u < 0.15 


i 

I 



Fio. 177. — Tke unit cell of the arrangement proposed for the atoms in crystals of M 0 S 2 . 
The molybdenmn atoms are represented by ringed circles, the atoms of sulfur by the 
black circles. 

or when 0.61 < u < 0.65; but only the second range fits the Laue data. 
By comparing the intensities of planes with similar spacings and the same 
type of structure factor the value of u is limited to 0.621 ^ 0.004. In this 
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way only the roughest proportionality is assumed between spacing and 
reflecting power and no proportionality is demanded between scattering 
powder and atomic number. When this latter is introduced through 

a comparison of reflections with different structure factors, the agreement 
wdth experiment, though still approximate, is not so good. 

There is one observation which casts a possible doubt upon the cor- 
rectness of this structm*e for M 0 S 2 . Crystals prepared artificially by 
fusing ammonium molybdate, suKur and potassium carbonate often show 
a trigonal as opposed to an hexagonal outline. Such a face development 
would be expected from a crystal having arrangement [i] only in case 
the atoms by their own “shapes” gave the crystal a lower sjnnmetry than 
corresponds to that of their arrangement in space. The more natural 
explanation is that the specimens used in making the Laue photographs 
were twinned; but it is stated that no way was found of accounting for the 
data upon this basis. Again it may be that M 0 S 2 is dimorphous and that 
either the artificial crystals are of a different form from those used in the 
cr 3 ^stal analysis or are pseudomorphs after a high temperature modification. 
Further experiments to clear up this source of uncertainty are obviously 
much to be desired. 

Cohaltite, CoAsS ^ — The symmetry and crystal structure of CoAsS 
present a most puzzling question. Crystallographic information has 
placed cobaltite in either the tetartohedral or the paramorphic hemihedral 
class of the cubic system. Laue photographs {1921, 72) are said to give 
data which establish this same symmetry. Nevertheless recent investi- 
gations 1 with reflected polarized light deny the cubic character of CoAsS 
and indicate that at room temperature its crystals are composed of inti- 
mately twinned orthorhombic individuals. Such a condition would most 
probably arise if CoAsS has a high temperature cubic form which during 
cooling suffers an inversion without change in crystal outline. 

If both these optical results and the diffraction measurements are 
taken at their face values, it seems necessary to conclude that from Laue 
and spectrum photographs apparently authentic diffraction data can be 
obtained which do not necessarily have any simple and direct connection 
with the atomic arrangement in the crystals producing them. This con- 
clusion is of such vital importance to practical crystal analysis that addi- 
tional X-ray diffraction measurements are needed. In the meantime it is 
impossible to give final acceptance to either the published diffraction data 
or to the pyrite-like structure for cobaltite which is deducible from them. 

1 H. Sdmeiderhohn, Mikroskopische Bestimmung von Erzen, p. 196 (Berlin, 1922) . 



Chapter XII. The Crystal Structures of Halides, 

Cyanides, etc. 

Monohalides, etc. 

This group of crystals has been more completely studied than any 
other. Practically all simple monohalides and several of the more com- 
plex ones have given rise to diffraction data. The structures of crystals 
of all of the halides (except rubidium fluoride) have been established 
with a satisfactory degree of correctness; accurate measurements of spacing 
upon material of known purity are now most needed. 

Lithium Hydride, IdH (192L ff).— Powder photographs have been 
prepared from LiH. Because of the chemical reactivity of the substance, 
photographs of LiaO and LiOH were also made in order to eliminate lines 
due to them and arising from the decomposition of LiH. 

Cr^’stals of lithium hydride are optically isotropic and hence have 
cubic sjunmetry. Their powder diffraction lines show that m/n® = 4. 
There is no evidence that m is greater than four. The observed lines are 
those to be expected from either a sodium chloride [4b, 4c] or a zinc sulfide 
arrangement [4b, 4d]. The wave lengths used in preparing these ^powder 
photographs (K-radiation from copper and from chromium) were'so long 
that few reflections could appear. If LiH has the sodium chloride grouping, 
then it would be anticipated that positive lithium “ions” and negative 
hydrogen “ions” would be present in its crystals. A comparison of the 
observed relative intensities and those calculated upon this basis from 
expression (26) is shown in Table I. There is a better fit with the sodium 


Table I. Intensities of the Pkincipal Powdee Eeflections from 
LiH (Nii - 2; Nh == 2) 

Intknsitt 



Observed 

Calc, for [4b, 4c] 

Calc, for [4b, 

Inwc»» 

CuKa 

CrKa 



111(1} 

medium weak 

weak 

0 

10 

100(2) 

strung 

medium strong 

10 

0 

110(2) 

medium strong 

medium strong 

8.8 

9.5 

113(1) 

medium 

very strong 

0 

6.5 

111(2) 

very weak 

strong 

3.6 

0 


chloride arraagement than with the other; because of the large angles of 
reflection arising from the use of long wave lengths, a closer fit would arise 
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by using intensity expression (18). It is not, however, to be anticipated 
that with such simple atoms as these, there would be good agreement 
with calculations which neglected their electronic distributions. Perhaps 
the greatest interest in the diffractions from LiH lies in the opportunity 
offered by the simplicity of its atoms for testing their structures and the 
laws of scattering. As a result of an effort in this direction several types 
of atom models are considered to be incompatible with the data and two 
possible models are suggested. When additional information concerning 
either the atomic structures or the laws of scattering is available, these 
data upon LiH will be of still greater importance. 

The length of the edge of the unit cube containing four molecules of 
LiH is found to be ao = 4.10A®. The atomic arrangement is probably 
the same as that of sodium chloride [4b, 4c] (Figure 167). 

Lithium Flworidej LiF . — This salt crystallizes in the cubic system. 
Powder photographs have been obtained with molybdenum (1919, 20; 
19£8, 33), platinum and copper (1916, 5) K-radiation. The observed 
diffraction lines show that m/n^ == 4; they are the ones to be expected 
from either the sodium chloride or the zinc sulfide arrangement. The 
calculated intensities of the reflections from these two groupings upon the 
assumption that the lithium and fluorine atoms are ‘^ions’^ are compared 
with observed intensities in Table II. From these data the zinc sulfide 

Table II. Intensities op the Principal Powder Reflections prom 


LiF (Nu = 2; Nf = 10) 

iNTBHsrrr 

Obserred Calculated 


(1) 

(2) 

(3) 

(4) 

(5) 


( 19 £ S , 33 ) 

( iffie , 5)1 

ForC4b,4ci 

For[4b,4d] 

111(1) 

6.7 

strong ^ 

8.3 

10 

100(2) 

10 

strong 

10 

3.3 

110(2) 

6.7 

medium 

8.9 

6.6 

113(1) 

0.5 

weak 

5.4 

6.5 

111(2) 

0.5 

weak 

4.0 

1.2 

100(4) 

0.3 - 

very weak 

2.0 

1.4 

133(1) 

0.2 

very weak 

2.8 

3.3 

120(2) 

0.4 

medium-strong 

6.0 

2.0 

112(2) 

0.3 

medium-strong 

4.9 

3.6 


structure must be eliminated from further consideration. The agreement 
of the second set of observed intensities (column 3) with those calculated 
for the sodium chloride arrangement [4b, 4c] (Figure 167) is on the whole 
acceptable. The unaccountably low intensity of all but the first three 
molybdenum reflections (column 2) should be a subject for further inves- 
tigation. 

^Hiese intensities refer to reflections of tlie L— « (unresolved) line of platinum. 
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It has been thought (1918, 11) that the somewhat better fit between 
experiment and the intensities calculated on the assumption of charged 
atoms proves the existence of “ions” in this crj’’stal. In the absence of 
satisfactory knowledge of the laws of scattering, such a conclusion does 
not seem to be entirely justified. 

The length of the edge of the unit cube containing four molecules 
has been variouslj^ determined as ao = 4.14A° (1916, 5), 4.02A° (1919, 
20) and 4.014 =>= 0.008A° (1923, 33). 

Lithium Chloride, LiCl (1922, 76; 1923, S3, 7i).— Anhydrous lithium 
chloride forms crystals with cubic s^nmnetry. The powder photographs 
to which they give rise show that m/n® = 4 and display the lines to be 
expected from the sodium chloride or the zinc sulfide arrangement. The 
intensity data (Table III) fit better with a sodium chloride structure 

Table III. Intensities of the Principal Powdee Reflections peom 
LiCi (Nu - 2; Nci = IS) 

iNTExsrrr 

Observed Calculated 


Ioticis 

il 92 S , 76) 

{ 1923 , 33) 

For {4b, 4c] 

For [4b, 

111(1) 

10 

10 

10 

10 

100(2) 

10 

10 

8.4 

4.2 

110(2) 

6 

5 

7.4 

5.8 

113(1) 

4 

3.8 

6.5 

6.5 

111(2) 

1 

0.7 

3.1 

1.5 

100(4) 

1 

0.4 

1.6 

1.3 

133(1) 

— 

0.5 

3.3 

3.3 

120(2) 

3 

0.7 

5.0 

2.5 

112(2) 

3 

0.5 

4.1 

3,2 


{4b, 4c] (Figmre 167), The length of the edge of the unit cube containing 
four molecules has been given as: ao = 5,17 =*= 0.02A® (1922, 76), 
5.143 0.006A® (192S, 71) and 5.132 0.006A° (1923, 33). 

Lithium Bromide, LdBr (1922, 76; 1928, 33, 7f). — ^Anhydrous lithium 
bromide is cubic. Its powder photographs lead to m/n^ = 4 and indi- 
cate either the sodium chloride or the zinc sulfide arrangement. As the 
data of Table IV show, the former fi.ts better with observation. The large 
iniensity of the 113(1) reflection in the third column is probably to be 
attributed to the presence of an hydration product. 

The atomic arrangement in crystals of LiBr is thus probably the 
sodium chloride structure [4b, 4c] (Figure 167). Two determinations of 
the length of the edge of the unit cube, made upon the same sample of 
salt, ^ve ae = 5.^ ± 0,02A® (1922, 76) and 6.490 0.006A^ (1923, 33); 

another estimation yields ao == 5.489 =*= 0.007 A*^ (1923, 71). 

lAibium Iodide, lAl, — ^Anhydrous lithium iodide crystallizes in the 
cubic system. It is an exceedingly hygroscopic substance that has been 
prepared with certainty only at temperatures above 300® C. Powder 
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Table IV. Intensities of 

LiBr 

THE PeINCIPAL PoWDEB REFLECTION 

(Nu = 2; Nbt = 36) 

Ils’TENSrrT 

S FEOM 


Observed 

Calculated 

<i) 

(2) 

(3) 

(4) 

0) 

lUDICES 

{mi, 76) 

(ms, 33) 

For [4b, 4c] 

For i4b, 4d] 

111(1) 

10 

10 

10 

10 

100(2) 

9 

10 

6.7 

4.8 

110(2) 

6 

4 

5.9 

5.2 

113(1) 

4 

10 

6.5 

6.5 

111(2) 

1 

2 

2.4 

1.7 

100(4) 

— 

1.5 

1.B 

1.2 

133(1) 

2 

4 

S.3 

3.3 

120(2) 

— 

2 

4.0 

2.8 

112(2) 


2 

3.2 

2.9 


photographs {1922, 76) obtained from samples which were made by 
grinding a solidified melt of Lil while still hot and immediately sealing the 
salt in glass tubes gave the lines to be expected from either a sodium 
chloride or a zinc sulfide grouping for which ao = 6.03 A® {1923, 102). 
As the data of Table V show these intensity data, or any others that 
could now be obtained, would be incapable of finally deciding between 
these two arrangements. The probabilities, whatever they may be 
worth, are of course all in favor of the sodium chloride structure [4b, 4c]. 
These results are confirmed by other powder photographs which lead to 
ao = 6.00 ± 0.007A° {1923, 71). 

Another study of powder data {1923, 33) has been thought to give 
Lil the sodium chloride arrangement but with a very different length 
of edge of the unit cell (ao == 7.074A°). This appears {1923, 102), how- 
ever, to be an erroneous determination not only because its observed 
relative intensities (see column 3 of Table V) are not those of the proposed 

Table V. Intensities or the Pbincipal Powdbe Retlections feom 
Lil (Nii = 2; Ni = 54) 


liJTBNBm 

* Obsenred Calculated 


a> 

(2) 

(3) 

(4) 

(6) 

Indicss 

(ms, 102) 

(ms, 33)1 

For [4b, 4c3 

For [4b, 

111(1) 

10 - 

2 

10 

10 

100(2) 

10* 

10 

6.2 

5.0 

110(2) 

6 

6.7 

5.5 

5.1 

113(1) 

6 

1.3 

6.5 

6.5 

111(2) 

— 

2 

2.3 

1.8 

100(4) 

1 

1 

1.2 

1.1 

133(1) 

3 

0.67 

3.3 

3.3 

120(2) 

— 

1.3 

3.7 

2.9 

112(2) 

2 

1.3 

3.0 

2.8 


^ Th^ intensities refer to totally different lines from tiiose measured by column (2) . 
* The excessive intensity of this line is due to the fact that the strongest decomposi- 
tion line is coincident with it* 
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structure but because tbe specimen, grown by desiccation at room tem- 
perature, can scarcely have been anhydrous lithium iodide. 

Sodium Flmride, lYaf— Powder photographs {1922, 76; 1923, 33) of 
this cubic crystal show that m/n^ = 4 and give the Hnes to be expected 
from the sodium chloride or the zinc sulfide arrangement. As the data of 
Table VI make clear the atomic an-angement is like that of sodium chloride 


Table YI. 


Indices 

111 ( 1 ) 

100 ( 2 ) 

110(2) 

113(1) 

111 ( 2 ) 

100(4) 

133(1) 

120 ( 2 ) 

112 ( 2 ) 


I.VTEXSITIES OF THE 

Peixcipal 

PowDEB Reflections from 

NaF (]^a 

= 10; Nf 

= 10) 


Observed 

Intensity , _ 

Calculated 

70) 

{ 1923 , 33) 

For [-ib, 4cJ 

For f4b, 4d 

absent 

0.3 

0 

10 

10 

10 

10 

0 

s 

6.7 

8.8 

9.5 


0.3 

0 

6.5 

3 

1.3 

3.6 

0 

2 

0.7 

2.0 

2.1 



0.3 

0 

3.3 

4 

1.3 

6.0 

0 



0.7 

4.9 

5.2 


[4b, 4c] (Figure 167). It is interesting to note that traces of odd order 
reflections from planes with all odd indices are observable {1923, 33): 
they should be completely absent if the atoms are “ions” and if scattering 
power were exactly and simply proportional to electron number. 

The length of the edge of the unit cube containing four molecules 
hg.tt been found to be ao = 4.61 =*= 0.02A° {1922, 76), 4.68A {1921, 29) 
and 4.620 ± 0.004A° {1923, 33). 

Sodium Chloride, NaCl {1913, 8; 1914, l^i ^4> 1915, 10, 18). It 

has been customary to have the assumption of a structure for sodium 
chloride underlie both the accepted wave length of X-rays and the “laws” 
of scattering. By making the applicability of. the quantum theory the 
basic assumption in wave length determination, as was done in Chapter 
II, it can be shown that X-ray diffraction data lead to m/n® = 4. Laue 
photographs, spectrometer and spectrographic observations and powder 
photographs have all been made. From none of them is there any evi- 
dence that m is greater than foxu; furthermore they show only those 
reflections characteristic of arrangements [4b, 4c] and [4b, 4d]. A decision 
between these two structures can only be made by assuming the roughly 
qualitative correctness, vouched for by evidence from outside sources and 
by the agreement which it brings into the mass of X-ray diffraction data, 
of an approximate proportionality between scattering power and electron 
number. 



CRYSTAL STRUCTURES OF HALIDES, CYAKIDES, ETC. 305 


Thus on the basis of these fundamental assumptions the experimentally 
determined atomic arrangement in crystals of sodium chloride is that one 
(Figure 167) which has been designated as [4b, 4c]. The length of the 
edge of the unit cube containing four molecules, which usually serves as 
an accurate standard for X-ray wave length assignments, is taken to be 
ao = 5.628A°. 

Sodium Bromide, NaBr {1921, 97; 1923, 33 ), — Powder photographs 
from this cubic cr^^stal show that m/n® = 4 and give only the lines to be 
expected from the sodium chloride and 2 inc sulfide arrangements. Of 
these two structures the former [4b, 4c] (Figure 167) is clearly the correct 
one (Table VII). The powder photographs were taken with molybdenum 

Table VII. Intensities of the Principal Powder Reflections from 
NaBr (Nna = 10; Nsr = 36) 

Intensitt 

Observed Calculated 


Indices 

{ 19 B 1 , 97) 

33) 

Por pb, 4cl 

For [4b, 

111(1) 

6.7 

2.5 

6.0 

10 

100(2) 

10 

8 

10 

2.6 

110(2) 

10 

10 

8.6 

■ 7.2 

113(1) 

— 

3 

3.9 

6.5 

111(2) 

— 

3 

3.7 

0.9 

100(4) 

— 

1 

1.9 

1.6 

133(1) 

— 

1 

2.0 

3.3 

120(2) 

— 

3 

6.0 

1.6 

112(2) 

— 

2 

4.9 

4.0 


radiation and the rather poor intensity a^eements are perhaps in part to 
be attributed to the blackening from the secondary characteristic radiation 
of bromine. 

The length of the edge of the unit cube containing four molecules is 
given as ao = 6.02A^ {1921, 29), 5.95 ± O.OIA® {1921, 97) and 5.936 
=i= 0:006A^ {1923, 33). 

Sodium Iodide, Nal . — Powder photographs (1921, 97; 1928, 33) of 
this cubic crystal prove that m/n^ == 4 and give the lines to be expected 
from either the sodium chloride or the zinc sulfide arrangement. The 
agreement (Table VIII) between observed intensities of powder reflec- 
tions and those calculated for the former grouping is very satisfactory. 
The sodium chloride arrangement [4b, 4e] hence may be taken as that of 
the atoms in Nal (Figure 167). 

The length of the edge of the unit cube has been found to be ao = G.oOA"^ 
{1921, 29), 6.47 =fc 0.01A° (1921, 97) and 6.462 ± O.OOSA'" (1923, 33). 

Potassium Fluoride, KF * — ^The lines observed upon powder photo- 
graphs of this cubic crystal are those of either the sodium chloride or the 
zinc sulfide arrangement. As the data of Table IX show there is satis- 
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factory agreement between the obsen’^ed intensities and those calculated 
for the sodium chloride structure [4b, 4c] (Figure 16/). ^ 

The length of the edge of the unit cube has been variously determiiied 

Table VIII. Intensities of the Principal Powder Reflections from 
Kal (NNa - 10; Ni - 54) 

IKTENBITT. 

Oteerved Calculated 


Indices 

imi, 97) 33) 

For [4b, 4c3 

For [4b, 4d] 

111(1) 

9 

6.7 

8.8 

10 

100(2) 

10 

10 

10 

3.4 

110(2) 

8 

8.3 

8.9 

6.4 

113(1) 

5 

6.7 

5.7 

6.5 

111(2) 

2 

3.3 

3.7 

1.2 

100(4) 

2 

2.5 

2.0 

1.4 

133(1) 

3 

3.3 

2.9 

3.3 

120(2) 

5 

5 

6.0 

2.1 

112(2) 

5 

4.2 

4.9 

3.6 

Table IX. 

Intensities of the 

KF (Nk 

Observed 

Principal Powder Reflections from 
- 18; Nf = 10) 

Intensitt 

Calculated 

Indices 

76) (19£S, 33) 

For [4b, 4cl 

For [4b, 4dl 

111(1) 

— 

1.5 

1.5 

10 

100(2) 

10 

10 

10 

0.8 

110(2) 

9 

8 

8.9 

S.8 

113(1) 

— 

1 

1.0 

6.5 

111(2) 

2 

2 

3.7 

0.3 

100(4) 

1 

1 

2.0 

1.9 

133(1) 

— 

0.75 

0.5 

3.3 

120(2) 

4 

2.5 

6.0 

0.5 

112(2) 

3 

1.5 

4.9 

4.8 


as 5.S8A“ {1919, 20; 1921, 29), 5.36 ± O.OIA® {1922, 76) and 5.328 ± 
0.(K)6A° {192S, 33). 

Potassium CUoride, KCl {1913, 8; 1914, 1915, 10; 1921, 29; 1923, 

S3 ). — ^Laue photographs, spectrometer reflections and powder photographs 
have all been prepared from tEs cubic crystal. They lead to m/n® = 4 
none of t^m gives any evidence pointing to a structure other than 
either I4b, 4c] or [4b, 4d]. Of these two the sodium chloride arrangement 
[4b, 4e] (Egure 167) is clearly the correct one (Table X). The scattering 
powers of chlorine and potassium atoms (or ions) are near enou^ aKke 
in this crystal so that no odd order reflections have ever been observed, 
either on Laue or powder photographs. 

Two measurements of the length of the edge of the unit cube con- 
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Table X. 

Intensities of the 

Principal Powder Reflections from 


KCl (Nk 

= 18; 

Na = 18 ) 





Intensity 


Inbicss 

Observed 


Calc, for [4b, 4c] 

Calc, for [4b, 4dl 

111(1) 

0 


0 

10 

100 ( 2 ) 

10 


10 

0 

110 ( 2 ) 

6.7 


8.8 

9.5 

113 ( 1 ) 

0 


0 

6.5 

111 ( 2 ) 

2 


3.6 

0 

100 ( 4 ) 

0.7 


2.0 

2.1 

133 ( 1 ) 

0 


0 

3.3 

120 ( 2 ) 

1.7 


6.0 

0 

112 ( 2 ) 

1.0 


4.9 

5.2 

taining four 

molecules give ao 

= 6.26A'' and 6.276 0.006A°. The 

latter was made from powder photographs {1923, 33). 


Potassium Bromide^ KBr {191Sy 8; 

1914, 24; 1915, 

, 10; 1921, 29, 97; 

1923 j SS). — ^The lines in the powder photographs of this cubic crystal are 

those to be expected from either the sodium chloride 

or the zinc sulfide 

arrangement. 

As the data of Table XI indicate, there is excellent accord 

Table XI, 

Intensities of the Principal Powder Beflections from 


KBr (Nk 

= 18; 

Nb , = 36 ) 





IsTENSirr 



Observed 



Calculated 

Indices 

am, 33) For [4b, 4c] For [4b, 4dl 

111 ( 1 ) 

0.5 

2 

2.1 

10 

100 ( 2 ) 

10 

10 

10 

1.1 

110 ( 2 ) 

10 

9 

8.8 

8.5 

113 ( 1 ) 

— 

1.5 

1.3 

6.5 

111 ( 2 ) 

2 

5 

3.6 

0.4 

100 ( 4 ) 

1 

1.5 

2.0 

1.9 

133 ( 1 ) 

— 

0.75 

o.r 

3.3 

120 ( 2 ) 

3 

6 

6.0 

0.6 

112 ( 2 ) 

3 

3 

4.9 

4.7 


between observed intensities and those calculated for the sodium chloride 
structure [4b, 4c] (Figure 167). 

The length of the edge of the unit cube has been deter m ined as 
ao = 6.60A° (im, 29), 6.59 ± 0.02A° {im, 97) and 6.570 ± O.OOeA® 
(im, 33). 

Potassium Iodide, KI {1919, SO; mi, S9, 97; 1928, 28, SS, 94).— Lane 
photographs, powder photographs and spectrometer measurements have 
aU been made upon crystals of potassium iodide. They show that for this 
cubic crystal m/n* = 4 and give only the planar reflections to be expected 
from either the sodium chloride or the zinc sulfide arrangement. As the 
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powder data of Table XII make clear, the sodium chloride structure 
[4b, 4c] (Figure 167) is the correct one of these two. 

Table XII. Iktexsitibs of the Phia'cipal Powdeb Reflections from 
Kl (Xe = 18; Ni = 54) 

Intensitt 


Observed Calculated 


Itoicts 

{im, 97) 

{ 192 $, 33) 

For [4b, 4c] 

For [4b, 4d] 

111(1) 

s 

2.5 

4.7 

10 

100(2) 

10 

10 

10 

2.1 

110(2) 

9 

7.5 

8.8 

7.5 

113(1) 

4 

2.5 

3.0 

6.5 

111(2) 

4 

3.7 

3.6 

0.8 

100(4) 

3 

1.9 

2.0 

1.7 

133(1) 

— 

1,2 

1.6 

3.3 

120(2) 

— 

5.0 

6.0 

1.3 

112(2) 

— 

3.7 

4.9 

4.2 


Various determinations of the length of the edge of the unit cube 
containing four molecules lead to the following results: ao = 7.10A^ (1919^ 
20); 7.11 =±: 0.02^^"^ (1921, 97), 7.050 0.004A° (1923, 33) and 7.064A® 

(1923, 28). 

Both characteristic reflections and ^^anomalous” effects (1923, 
28, etc.) have been reported from spectrometer studies of potassium 
iodide cir^^stals (see page 159). Other diffuse, or '^hazy,'' diffraction 
spots which are not immediately to be attributed to regular planar reflec- 
tions have been observed upon crystals of potassium iodide (1928, 36, 94). 
They seem related to the systems of radial streaks frequently found from 
more or less distorted crystals and are in all probability due to some 
sort of structural imperfections. 

Rubidium Fluoride, RbF . — Two attempts have been made to prepare 
powder photographs of crystalline rubidium fluoride. The first (1922, 
76) was not successful. Preparations made by fusing RbF were essen- 
tially isotropic but they were so hygroscopic that they altered almost 
immediately upon exposure to the air. A sample used in the second in- 
v^tigation (1923, 33) was obtained from solution. It was said to be 
nicely crystallized — a fact which in itself suggests that the material was 
not anhydrous RbF. This salt gave powder lines which could be ascribed 
to reflections from a cubic structure containing one molecule in the unit 
and thus having the cesium chloride arrangement (see below). The ob- 
served intensiti^ of these lines conflict seriously with the intensities cal- 
culated for this structure (Table XIII). This disagreement combined 
with the doubt as to the true chemical composition of the salt investigated 
makes it highly improbable that the structure of anhydrous RbF has 
been found. 



CRYSTAL STRUCTURES OF HALIDES, CYANIDES, ETC. 309 


Table XIII. 

Intensities op the Pbincibal Powber Reflections from 


RbP (Nitb = 36; JSTf = 

10) 

Inteksitt 



Observed (19£$, 33) 

Calculated for flar lb| 

100(1) 

10 


3.6 

110(1) 

8 


10 

111(1) 

2 


1.3 

100(2) 

1 


2.3 

110(2) 

0.75 


2.0 

111(2) 

0 


0.8 

120(1) 

3 


2.2 

112(1) 

1.5 


5.7 

Rubidium Chloride, RbCl (1921, 97; 1923, 33).— 

The powder photo- 

grapils from rubidium chloride show only the lines of the sodium chloride 
or the zinc sulfide arrangement. As the data of Table XIV show, there 

Table XIV. 

Intensities op the Principal Powder Reflections from 


RbCI (Nab - 36; Na 

= 18) 



Intensity 



Observed 


Calculated 

IHTDICES 

{mi, 97) (im, 33) 

For [4b, 4c] For [4b, 4dl 

111(1) 

— 6.1 

2.1 

10 

100(2) 

10 10 

10 

1.1 

110(2) 

10 6.7 

8.8 

8.5 

113(1) 

— 1.6 

1.3 

6.6 

111(2) 

3.3 3.3 

3.6 

0.4 

100(4) 

— 2.5 

2.0 

1.9 

133(1) 

— 1.6 

0,7 

3.3 

120(2) 

3.3 3.3 

6.0 

0.6 

112(2) 

— 2.5 

4.9 

4.7 


is acceptable intensity agreement -with the first of these [4b, 4c] (Figure 
167). 

The two determinations of the length of the edge of the unit cube 
containing four molecules give ao = 6.WA° (,1921 , 97) and 6.534 ± 0.006A“ 
(1923, 33). 

BvMdium Bromide, RbBr (1923, 33).— The powder photographs of 
rubidium bromide give only the lines typical of the sodium chloride and 
zinc sulfide arrangements. The data of Table XV indicate that the 
sodium chloride grouping [4b, 4e] (Figure 167) is the correct one. The 
close equality of the scattering powem of the rubidium and bromine 
atoms in this crystal is attested by the absence of any odd order reflections. 

The length of the edge of the unit cube has been found to be 
ao = 6.93A" (1921, 28) and 6.836 ± 0.006A“ (1923, 33). 

R‘tdndiv,m Iodide, Bbl. — ^Powder photographs (1923, 33) show only the 
l i-nftfl of the sodium chloride and zinc sulfide arrangements. Though the 
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intensity agreements are none too good (especially in the much too rapid 
decrease of intensity with spacing shown by one set of measurements) 
it is clear (Table XVI) that the atomic grouping is that of sodium chloride 
[4b; 4c] (Figure 167). 


Tajblb XV. 

Intensities op ras 

Principal Powder Reflections from 


RbBr (Nab 

— 36; Nsr = 36) 




iNTENsirr 



Observed 


Calculated 

Indices 

a $2 s,m 

For f4b, 4<;3 

For [4b, 4d] 

111(1) 

0 

0 

10 

100(2} 

10 

10 

0 

110(2) 

6.7 

8.8 

9.5 

113(1) 

0 

0 

6.5 

111(2) 

2 

3.6 

0 

100(4) 

0.7 

2.0 

2.1 

133(1) 

0 

0 

3.3 

120(2) 

2 

6.0 

0 

112(2) 

1.3 

4.9 

5.2 


Table XVI. Intensities of the Principal Powbeh Reflections prom 



Rbl (NRb 

- 36; Ni 

= 54) 




IjfTBNSITT 



Observed 


Calculated 


Ikdices 

(im, 97) am 33) 

For [4b. 4cl 

For [4b, 4dl 

111(1) 


1.4 

0.7 

10 

100(2) 

10 

10 

10 

0.4 

110(2) 

10 

2.9 

8.8 

9.1 

113(1) 

— 

0.7 

0.5 

6.5 

111(2) 

2.0 

1.4 

3.6 

0.1 

100(4) 

1.7 

0.7 

2.0 

2.0 

133(1) 

— 

0.7 

0.2 

3.3 

120(2) 

3.3 

1.4 

6.0 

0.2 

112(2) 

2.0 

1.4 

4.9 

5.0 


Determinations of the length of the edge of the unit cube have yielded 
= 7.36 =i= 0.02A‘’ (im, 97), 7.308A^ 28), and 7.310 =*= O.OOSA® 

(19BS, 33). 

Cesium Fluoride^ CsF , — There is some evidence ^ for the existence 
at room temperatures of two modifications of cesium fluoride. The 
material used in the only crystal structure investigations (192Bf 76; 1928^ 
33) of this salt was a hygroscopic preparation obtained by cooling from 
the melt. It was optically isotropic and its density was estimated from 
measurements of the refractive index. This density and the powder 
photographic data lead to a value of m/n® = 4. The observed lines 
thc^e to he expected from either the sodium chloride or the zinc sulfide 

^ K, Spangenberg, Zeitsch. f. Knst. 87^ 494 (1922-23). 
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arrangement. As the data of Table XVII indicate there is good intensity 
agreement with the demands of the sodium chloride grouping [4b^ 4c] 
(Figure 167). 


Table XVII. 

IN’TENSITIES op the 

Phincipal Powdbe Replections pbom 


CsF (Nca = 

= 54; Np 

= 10) 




iNTSarSITY 



Observed 



IjmicES 

{wm, 76) {ms, 33) 

For |4b, 4c] 

For [4b« 4d] 

111(1) 

10 

6.7 

8.8 

10 

100(2) 

10 

10 

10 

3.4 

110(2) 

7 

10 

8.9 

6.4 

113(1) 

6 

5.3 

5.7 

6.5 

111(2) 

— 

2.7 

3.7 

1.2 

100(4) 

1 

1.3 

2.0 

1.4 

133(1) 

— 

2.0 

2.9 

3.3 

120(2) 


3.3 

6.0 

2.1 

112(2) 


1.7 

4.9 

3.6 


The two determinations of the length of the edge of the unit cube, 
made upon samples of the same preparation, are ao = 6.03 =*= 0.02A° 
76) and 6.008 ± 0.006A® {1923, 33). 

Cedum Chloride, Cf^Cl (1921, 32; 1923, S^).— Cesium chloride and 
the rest of the cesium halides have a different structure from that of the 
other alkali halides. The powder data {1923, 33) combined with the 
density of the salt show that m/n® = 1. No reflections have been found 
which suggest that m should be greater than umty. There is only one 
way {1919, 24; 1922, 111) of placing one molecule of CsCl within the unit 
cube. The coordinates of this structure (Figure 178) are the following: 



Fig. 178. — The unit cube of the cesium chloride arrangem^t [la, lb]. Atoms one 
kind axe represented by ringed circle, those of the other sort by the black circle. 


[la, lb] Cesium (or chlorine) atom: 000, 
Chlorine (or cesium) atom: |||» 
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Fox this arrangemoiLt th© structure factor of intensity expression (20) 
has the following values: 

When n is odd: 

If the indices are two odd and one even, A = Cs + Cl, 

B = 0; 

If the indices are two even and one odd, or all odd, . 

A = a - a, B = 0; 

When n is even: 

A = Ci + a, B«0 always. 

There is excellent agreement between the observed intensities of reflections 
and those calculated for this structure (Table XVIII). 

Tabie XVni. iNTENsmBS OF THE Pmmcipai. Powdeh Repmctions fhom 
CsCl (Nc = 54; No = 18) 


INTENSITT 


Ikdichs 

Observed (19BS, 33) 

Calculated for 

100 ( 1 ) 

1.5 

2.8 

110 ( 1 ) 

10 

10 

111 ( 1 ) 

1.0 

1.0 

100 ( 2 ) 

1.5 

2.2 

120 ( 1 ) 

1.5 

1.7 

112 ( 1 ) 

S 

5.5 

110 ( 2 ) 

1.6 

2.0 

100 ( 3 ) ) 

122 ( 1 ) / 

1.0 

1.1 

130 ( 1 ) 

1.5 

3.0 


Two detenninations of the length of the edge of the unit cube con- 
taining one molecule give ao = 4.12A® (1921, 32) and 4.118 =*= 0.004A“ 
(ms, 33). 

Cesium Bromide, CsBr. — ^Powder photographs (1921, 97; 192S, 33) of 
this cubic substance lead to m/n® = 1. The lines observed are only 
those of the simple cesium chloride arrangement [la, lb] (Figure 178). 
The data of Table XIX indicate that there is excellent agreement of the 
observed intensities with those calculated for this structure. 

Detenninations of the length of the edge of the unit cube containing 
one molecule have led to the values: ao = 4.30 =*= O.OIA” (1921, 97), 
4.287 =t= 0.004A'* (1922, 28; 192S, 33). 

Cesium Iodide, Csl. — Powder photographs (1921, 97; 192S, 33) of Csl 
show only the reflections to be expected from a cesium chloride arrange- 
ment [la, lb] (Figure 178). The observed intensities accord well with 
those calculated for this atomic grouping (Table XX). The absence of 
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odd order reflections from planes with either two even and one odd or 
an odd indices indicates that cesium and iodine atoms have similar scat- 
tering poTvers in this salt. 


Table XIX. Intensities op the 
CsBr (Ncb 

Peincipal Powder Reflections prom 
= 54; Nsr - 36) 

Intensitt 

Observed 

lUBICES 

(tm, 97) 

(im, 33) 

Calculated for fla, lb] 

100(1) 

— 

0.1 

0.5 

110(1) 

10 

10 

10 

111(1) 

— 

<0.1 

0.2 

100(2) 

2 

1 

2.2 

120(1) 

— 

<0.1 

0.3 

112(1) 

7 

3.5 

5.5 

110(2) 

2 

0.7 

2.0 

100(3) ^ 
122(1) , 

1 

<0.1 

0.2 

130(1) 

3 

0.5 

3.0 

Table XX. Intensities op the Phincipal Powbee Bbplections peom 
Osl (Nc « 54; Ni « 54) 

IisTTBaNsm: 

Observed 

Indicbs 

97) 

Cms, 33) 

Calculated for lb] 

100(1) 

0 

0 

0 

110(1) 

10 

10 

10 

111(1) 

0 

0 

0 

100(2) 

2 

4.0 

2.2 

120(1) 

0 

0 

0 

112(1) 

8 

8.0 

5.5 

110(2) 

1 

2.5 

2.0 

■ 100(3)1 
122(1) J 

^ 0 

0 

0 

130(1) 

4 

3.0 

3.0 


Determinations of the length of the edge of the unit cube have led to: 
ao = 4.55 O.OISA^ (im, 97), 4,58A° {im, 29), 4.55S ± O.OOSA® 
{19^8, 33) and 4.562A° {19M, 24). The I^t is the result of a spectrometer 
observation. 

The Thallous Halides . — No data have yet been published upon any 
of the thallous halides. It has, however, been stated that thallous chloride, 
TlCl, has the same atomic arrangement as cesium chloride [la, lb], the 
length of the edge of the unit cube being ao = {1921, 32). 

Cuprous Chloride, CuCL — Powder photographic data (1922, 112) com- 
bined with the known density of CuCl give m/iY = 4. The only observed 
reflections are those of either the sodium chloride or the zim sulfide 
arrangement. In spite of the excessive faintness of the most distant lines 
— which at least in part is to be attributed to the thick sheet of specimen 
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niged — tlie intensity data of Table XXI sbow tbat the zinc sulfide grouping 
[4b, 4d] (Figure 174) is the correct one for this crystal. 


Table XXI. 


Indices 

111 ( 1 ) 

100 ( 2 ) 

110 ( 2 ) 

113 ( 1 ) 

111 ( 2 ) 

100 ( 4 ) 

133 ( 1 ) 

120 ( 2 ) 

112 ( 2 ) 


Iotensities op the 

Principal Powder Reflections prom 

CuCi (Ncu 

= 28; Na - 18) 



Intbnbitt 


Observed 

Calc, for [4b, 4c] 

Calc, for [4b, 4dl 

10 

0.9 

10 



10 

0.5 

8 

8.8 

9.0 

7 

0.6 

6.5 


3.6 

0.2 



2.0 

2.0 

0.3 

0.3 

3.3 

■ - 

6.0 

0.3 

0.1 

4.9 

5.0 


The length of the edge of the unit cube containing four molecules has 
been given as ao == 5.49A° 112). Another study of powder photo- 

graphs, for which no data have been published, leads to ao = 5.36A° 
{192B, 27). More accurate spacing measurements are needed for this 
crystal. 

Cuprous Bromide, CuBr.— The lines in powder photographs 112) 

of CuBr are those of either the sodium chloride or the zinc sulfide grouping. 
Of these two the structure is clearly (Table XXII) the zinc sulfide arrange- 
ment [4b, 4d] (Figure 174). 


Table XXII. 


Indicib 

111 ( 1 ) 

100 ( 2 ) 

110 ( 2 ) 

113 ( 1 ) 

111 ( 2 ) 

100 ( 4 ) 

133 ( 1 ) 

120 ( 2 ) 

112 ( 2 ) 


Intensities of the 
CuBr (Ncu = 

Pbincipaii Powder Rbelections prom 
= 28; Nbt = 36) 

Intensity 

Observed 

Calc, for [4b. 4c] 

CaJc. for [4b, 4d] 

10 

0.3 

10 

— 

10 

0.2 

8 

8.8 

9.3 

6 

0.2 

6.5 

— 

3.6 

<0.1 



2.0 

2.1 

2 

0.1 

3.3 

— 

6.0 

0.1 

1 

4.9 

6.1 


The length of the edge of the unit cube containing four molecules has 
been found to be ao = 5.82A° (19BB, 112). Another photograph, for 
which no data have been published, is said to yield ao = 5.75A° (19BB, 
27). 

Cuprom Iodide, Cul. — Two investigations, both based upon powder 
data, iave been made of the structure of this cubic crystal. In one {1922, 
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112) an artificial preparation was used, in the other (1922, 3) the mineral 
marshite. Both photographs agree in giving only the lines to be expected 
from either the sodium chloride or the zinc sulfide arrangement. The 
intensity data of Table XXIII are in satisfactory accord with the require- 
ments of the zinc sulfide grouping [4b, 4d] (Figure 174). 


Table XXIII. Intensities op the Principal Powder Reflections prom 



Cul (Ncu 

-28; 

II 

Oi 

4b 





Intensitt 



Observed 


Calculated 

Indices 

{192S, 112) 

3) 

For [4b, 4cl 

For I4b, 4d] 

111(1) 

10 

2 

1.9 

10 

100(2) 

— 

0 

10 

1.0 

110(2) 

9 

3 

8.8 

S.6 

113(1) 

8 

3 

1.2 

6.5 

111(2) 

— 

0 

3.6 

0.4 

100(4) 

— 

1 

2.0 

1.9 

133(1) 

2 

2 

0.6 

3.3 

120(2) 

— 

0 

6.0 

0.6 

112(2) 

1 

3 

4.9 

4.7 


The length of the edge of the unit cell of the artificial Cul has been 
determined to be ao = fi-lOA""; for marshite (which probably contained a 
small amount of silver) ao was given as 6.02A®. Another statement of 
structure (1922, 27) which agreed with this accepted arrangement but for 
which no data have been published, gave ao == 6.07A^. 

Silver Chloride, AgCL — On several occasions it has been stated that 
crystals of silver chloride, and of silver bromide, have the sodium chloride 
arrangement of their atoms. No data, however, have been published. 
Approximate measurements upon the strongest powder reflections ^ from 
AgCl are shown in Table XXIV. The observed lines are only those of a 


Table XXIV. Data upon the Principal Powder Reflections from 


AgCl (Nas 

Spacing 


Indices 

Obs. 

Calc- (ao ~ 5.5 

111(1) 

3.23A’’ 

3.21A‘ 

100(2) 

2.81 

2.78 

110(2) 

1.98 

1.96 

113(1) 

1.68 

1.67 

111(2) 

1.60 

1.60 

100(4) 

1.39 

1.39 

133(1) 

— 

1.27 

120(2) 

1.24 

1.24 

112(2) 

1.13 

1.13 


46; 

Nci = 18) 

Intensitt 


Obs. 

Calc, for [4b, 4cl 

Cak. fat {4b, 

8 

3.6 

10 

10 

10 

1.7 

9 

8.9 

8.0 

3 

2,3 

6.5 

3 

4.1 

0.6 

1 

2.0 

1.8 

— 

1.2 

3.3 

6 

6.0 

1.0 

5 

4.9 

4.4 


1 These data are from unpublished observations made in this laboratory by E. W. 
Posnjak. 
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sodium chloride or a zinc sulfide arrangement. The 111(1) reflection 
seems to be too intense; otherwise there is good agreement with the sodium 
chloride grouping [4b, 4c] (Figure 167). 

The following values have been published for the length of the edge 
of the unit cube containing four molecules: ao = 5.56A° {1921, 91); 5.52A® 
27); 5.540A° 91). 

Siher Bromide, AgBr . — Silver bromide crystals have been said to have 
a sodium chloride arrangement of their atoms but no data have ever been 
published. Spacing and intensity measurements upon the principal pow- 
der lines 1 of AgBr axe recorded in Table XXV. The observed reflections 


Table XXV. Data upon the Pbincipal Powder Reflections prom 

AgBr (Nas = 4:6; Nbt = 36) 

» Spacing Intensity 


iNSfCxa 

Oba. 

Calc, (ao = 5.78A*) 

Obs. 

Calc, for f4b, 4c] 

Calc, for [4b, 4dl 

111(1) 

— 

3.33A® 

0 

0.3 

10 

100(2) 

2.90 

2.89 

10 

10 . 

0.2 

110(2) 

2.04 

2.04 

9 - 

8.9 

9.3 

113(1) 

— 

1.74 

0 

0.2 

6.5 

111(2) 

1.66 

1.67 

3 

3.6 

<0.1 

100(4) 

1,44 

1.44 

2 

2.0 

2.1 

133(1) 

— 

1.32 

0 

0.1 

3.3 

120(2) 

1.29 

1.29 

6 

6.0 

0.1 

112(2) 

1.17 

I.IS 

4 

4.9 

5.1 


are those to be anticipated from either the sodium chloride or the zinc 
sulfide arrangement. Their intensities are in excellent agreement with 
the requirements of the sodium chloride structure [4b, 4c] (Figure 167). 

Statements of the length of the edge of the unit cube are ao = 5.78A° 
{im, 91; 1922, 27) and 5.768A° {1928, 91). 

Silver Iodide, Agl . — Silver iodide presents an interesting and somewhat 
puzzling case for which the experimental data from different sources are 
not yet complete and in satisfactory agreement with one another. Crys- 
tals of Agl occur in nature and can be grown to a considerable size in the 
laboratory; they are optically uniaxial and from a study of their face 
development they have been supposed to be crystallographically isomor- 
phous with zincite (2nO). Laue photographs (1922, 3) substantiate this 
conclusion but recent powder measurements (1928, 91) upon precipitated 
silver iodide seem to show that a second, presumably cubic, modification 
is present. Above 146° C Agl is known to be isotropic and it would be 
simplest to suppose that under conditions of rapid precipitation this 
‘^high temperature” form appears at room temperature as an unstable 

^ These data are from unpublished observations made in this laboratory by E. W. 
Posnjak. 
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phase. The unstable character of this iion-hexagonal precipitate modi- 
fication is indicated by the fact that large hexagonal crystals are grown 
by digesting the precipitate at temperatures below 146® C. Neyertheless 
the powder measurements {1922, 3) available from the well-known high 
temperature cubic form do not agree with those of the unstable precipitate 
modification. The observations upon “high’^-Agl (and the earlier 


photographs {1922, 3, 4) upon the hexagonal form), however, are so 
poorly resolved compared with the recent ones that a more accurate 
repetition of the high temperature measurements seems desirable. 

Hexagonal Silver Iodide. — The best available study {1922, 3, 4) of the 
structure of this form of Agl parallels both in its treatment and its results 
the previously outlined investigation of zincite (ZnO). The Laue photo- 
graphs show complete hexagonal s^unmetry; therefore if the crystals used 
were untwinned individuals their point group must be 6Di, 6D, fie or fid. 
As in the case of ZnO these Laue photographic data combined with a 
knowledge of the minimum wave length in the X-ray beam lead to a 
possible unit containing two molecules and having the approximate axial 
ratio a : c = 1 : 1.6. Assuming this possible unit to be the true one and 
taking the usual crystallographic assignment to the point group fie as 
correct, the same possible arrangements are encountered that were dis- 
cussed for ZnO. It is a property of these structures that odd order reflec- 


tions from planes with the indices hk- (2 m + 1), where 2 h + k = 3p 
and m and p are any integers including zero, shall be absent; no such 
reflections have been found upon either Laue or powder photographs. 
The scattering powers of silver and iodine are so nearly alike that it would 
scarcely be possible to decide between the last two structures [f] and [g]. 
Accepting for the purposes of approximate calculation an equality in the 
scattering powers of these atoms it is shown that [e], but not [f] or Ig], 
gives qualitative agreement with the powder data if u = f. The 


atomic arrangement thus chosen for Agl (Figure 170) is: 


[e] Silver atoms: 000; f | i, 

Iodine : OOu; |, 4, u + where u = ± f . 

The evidence which has recently been adduced {192S, 91) to show the 
existence of a cubic modification in precipitated Agl subjects parts of this 
earlier determination of structure to grave criticism. If, as these new 
data iudicate, the stable hexagonal silver iodide is rarely if ever obtained 
pure by precipitation, then it is highly improbable that the powder data 
{1922, 4) employed in the previous assignment of structure refer to 
hexagonal Agl. Powder measurements upon a preparation containing 
only a comparatively small amount of the cubic form have, however, been 
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published (19SS, 91). The actual criteria used in deciding upon arrange- 
ment [e] were the following (1922, 3): 

For [e]: The reflections 10-4(1), 11-4(1), 10-2(2), 30-4(1), 21-4(1) 
and 00-1(4) have miniTnum intensity values at u = | (they equal zero 

if Ai = i). _ _ 

For [f] and [g] (if Ag = I): The reflections 10-4(1), 10-2(2), 21-4(1) 
have maximum intensities at u = f ; the other three of the first group, 
00-1(4), 11-2(1) and 30-4(1)— have zero intensities for these values of u. 
The reflections from (00-1) in different orders are the same for these dif- 
ferent structures and the complete absence of 00-1(4) in the new photo- 
graphs suggests that u lies near to f rather than to f . The non-appear- 
ance of aU of the decisive reflections in the powder photographs of pre- 
dominantly hexagonal Agl (1923, 91) indicates that the previous choice 
of [e| was correct. 

The extent of the agreement between observed intensities and those 
calculated [see expression (37)] for the simplest reflections from [e] if u is 
exactly f is shown in Table XXVI. The spacing of the planes as well as 

Tabi® XXVL Data upon the P^-ctpal Powdbe Repuections peom Hexagonai, 

Agl (Nas = 46; Ni = 54) 


Obsebtbd Intensitt 


Ijtdices 

Spacing 

Observed 

Calculated (u * f ) 

10.0(1) 


7 

8.5 

Cubic 111(1) 

3.749 1 

7 

5.0 

00.1(2) 

3.742 / 


10.1(1) 

3.512 

3 

1.3 

10.2(1) 

2.736 

2 

3.5 

11.0(1) 

2.296 1 

10 

9.6 

Cubic 110(2) 

2.292 / 

10.3(1) 

2.115 

6 

10 

10.0(2) 

— 

0 

1.6 

11.2(1) 

1.963 \ 

8 

6.4 

Cubic 113(1) 

1.957 J 


those of strong lines of the coexisting modification are also shown in order 
that it may be seen which lines will be rmduly strengthened by contribu- 
tions from the cubic form. The observed intensities meet fairly well the 
demands of the chosen structure; a part of the existing discrepancies may 
be due to u having a value not exactly equal to f . 

The crystaUographically determined axial ratio for the two-molecule 
umt is a : c = 1 : 1.6392. That found from the best powder measure- 
ments (1923, 91) is a : e = 1 : 1.633 ± 0.008. From these powder data 
the length of the side of the base of the unit cell (Figure 170) is given as 
ao = 4.693A°; if c = 1.633, the height of this unit will be Co = 7.500A°. 
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Cubic Silver Iodide {1921, 91; 1922, 27; 1928, 91). — It has already 
been stated that recent experiments {1923, 91) indicate the coexistence 
in precipitated Agl of a form other than the hexagonal one. The condi- 
tions of its production have not been investigated but it is said that some 
of this second modification seems alwa^^s to be present in precipitates and 
occasionally it is found practically pure. The powder lines described for 
this new form are those to be expected from a cubic crystal which has 
either the sodium chloride or the zinc sulfide arrangement. As the inten- 
sity data {1923, 91) of Table XXVII show, there is good agreement with 

Table XXVII. Intensities of tm Principal Powbeb Peplections prom Cubic 

Agl ( Nas = 46; Ni = 54) 


Indices 

Observed (im, 91) 

Intensity 

Calc, for [4b, 4cl 

Calc, for I4b, 4d] 

111(1) 

10 

0.1 

10 

100(2) 

0 

10 

0.1 

110(2) 

8 

8.9 

9.4 

113(1) 

7 

0.1 

6.5 

111(2) 

0 

3.6 

<0.1 

100(4) 

1 

2.0 

2.1 

133(1) 

3 

<0.1 

3.3 

120(2) 

0 

6.0 

<0.1 

112(2) 

3 

4.9 

5.2 


the requirements of the zinc sulfide structure [4b, 4d] (Figure 174). These 
powder photographs lead to ao = 6.493A° as the length of the edge of the 
unit cube. 

The high temperature modification of Agl is definitely cubic and it 
seems most natural to identify it with this unstable form. The single 
study {1922, 3) that has been made of powder reflections from high-AgI 
shows lines which are different from those of the unstable modification 
and which have been supposed to indicate a cubic structure of great 
complexity. It will be important to ascertain whether observations with 
spectrographs of greater resolution will confirm this complex atomic 
arrangement. 

Miersite . — ^Miersite is a mixed iodide of monovalent copper and sil- 
ver. The material that was analyzed had the approximate composition 
4AgI-CuI, A powder photograph {1922, 3) of some of the analyzed 
mineral showed the reflections of a zinc sulfide arrangement [4b, 4d]; 
the length of the edge of the unit cube was found to be ao = 6.35A®, a 
value part way between the spacings of Cul and Agl. Miersite thus 
appears as one of a series of solid solutions of Cul in cubic Agl. 

Ammoniurri Chloride, NHdlL — Ammonium chloride is dimorphous 
with an inversion temperature of 184.3°C. Both forms are cubic (iso- 
tropic) and both have given rise to X-ray diffraction patterns. 
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''Low’' Ammonium Chloride —This crystalKne species is of particular 
interest because of the conflict which exists between the results of its 
crystal structure study and its symmetry as deduced from face develop- 
ment and etch-figure data (see page 209). These crystallographic obser- 
vations have been thought to assign NH4CI to the enantiomorphic heml- 
hedral point group O. The X-ray data show {1922 y 102, 107) that the 
symmetry of atomic arrangement cannot be 0 but must be either tetra- 
hedral (Te)-or holohedral (Oi) depending upon the distribution of the 
hydrogen atoms. 

Both Laue {1922^ 107) and powder photographic {1921, 9, 84) data 
are available. The powder photographs show that m/n^ = 1. The Laue 
photographs have complete cubic symmetry so that the point group must 
be Te, 0 or Oi. Neither these photographs nor the powder photographs 
contain any reflections incompatible with a unit containing one rather 
than eight molecules. In discussing the structure of CsCl (page 31 1> it 
has been pointed out that there is only one way of arranging two different 
atoms within a unit cube. From an inspection of the space groups giving 
rise to this grouping for the nitrogen and chlorine atoms it can be seen 
that the following is the only way of arranging one molecule of NH4CI 
within a unit cube so that all atoms will occupy positions which conform 
to the S 3 mmetry requii'ements: 

Nitrogen atom: 000, 

Chlorine " : |||, 

H^'drogen atoms: uuu; tiuu; uuu; utiu. 

This structure has tetrahedral (Te) S 3 nmmetry. The results of space 
group theory further show that there is no possible holohedral arrange- 
ment containing eight molecules in which all of the chlorine atoms are 
alike and all of the nitrogen atoms also are alike; neither can a suitable 
eight molecule structure with enantiomorphic symmetry be found. 

In the other instances of an apparent conflict between the sjmmetry 
deduced from crystallographic evidence and that found for the atomic 
arrangeinent, the ciystaUograpbic symmetry has always been the lower. 
For ammonium chloride, however, the two symmetries are two different 
kinds of a hemihedry. There is only one apparent way out of the con- 
flict between cry'stallographic and crystal structure data implied in this 
result. The study of the ammonium alums (see page 361) suggests that 
in those crystals the positions of the ammonium hydrogen atoms do not 
conform to the observed symmetry. From this observation it seems 
probable that in ammonium chloride also the ammonium groups as wholes, 
rather than their constituent atoms, occupy the positions in space which 
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determine crystal symmetry. Thus the ammonium group functions 
crystallographically, as well as chemically, as a single entity. 

From the existing diffraction data it must be concluded that the nitro- 
gen fas centers of ammonium groups) and chlorine atoms of the low tem- 
perature form of ammonium chloride have the cesium chloride arrangement 
[la, lb] (Figure 178). The agreement between the observed intensities 
of powder lines {19B1, 9) and those calculated for this structure (neglecting 
the hydrogen atoms) is excellent (Table XXYIII). Two determinations 
of the length of the edge of the unit cube are; ao = 3.88A^ {1931, 84) and 
3.859A^ (1921, 9). 


Table XXVIII. Intensities op the Peincip^ Powder Reflections from Low- 

NH4Ci(Nif = 7; Na - IS) 

Intensitt 

Observed 


Indices 

9) 

( 1821 , 84) 

Calc, for pa, 

100(1) 

— 

medium-strong 

2.2 

110(1) 

10 

strong 

10 

111(1) 

1 

weak 

0.8 

100(2) 

2 

medium 

2.2 

120(1) 

1.5 

medium 

1.3 

112(1) 

3 

strong 

5.5 

110(2) 

1.5 

medium-strong 

2.0 

122(1) 1 

1 

' medium 

0.8 

100(3) J 

130(1) 

1.5 

strong 

3.1 

Eigh” Ammonium 

Chloride 

{1921, 9). — Powder photographs 


high temperature modification, taken at =±= 250^ C, lead to m/n^ = 4. The 
observed lines are only those of the sodium chloride or the zinc sulfide 
arrangement. From the intensity data of Table XXIX it is apparent 
that a zinc sulfide structure is impossible but that except for a somewhat 
too great intensity of reflection in odd orders from planes with all odd 


Table XXIX. 


Indices 

111 ( 1 ) 

100 ( 2 ) 

110 ( 2 ) 

113(1) 

111 ( 2 ) 

100(4) 

133(1) 

120 ( 2 ) 

112 ( 2 ) 


iNTBNSmES OF THE JPeincip^ Powdeb Repmckons from Hioh- 
NHiQ (Nk = 7; Na = 18) 


Observed 

iNTENsrrsr 

Calc, for E4b, 4cl 

Calc, for [4b, 

— 

4.0 

10 

10 

10 

1.7 

10 

8.9 

7.9 

5 

2.3 

6.5 

5 

4.0 

0.6 

2 

2.0 

1.8 

4 

1.2 

3.3 

4 

6.0 

1.0 

3 

4.9 

4.4 
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indiceSj there is a good fit with the sodium chloride grouping (Figure 167), 
Again in tMs instance the hydrogen atoms introduce difficulties. If they 
occupy positions which agree with the observed cubic symmetry , the 
crystal class cannot be holohedral. Two arrangements then are possible 
for the chlorine and nitrogen atoms: One, [4a], is derived from the space 
groups T-1 and Te~l, the other, [4f], from the group T-4, Their 
coordinate positions are 

[4a] uuu; uuu; uuti; uuu, where un?^ uci * 

[4f] uuu; u + i I “ u, ti; u, u + i,. f - u; f - u, u, u + 
where u^ Uci- 

These atomic arrangements can give the observed powder data only when 
u has such values that they approach ver}’- close to the sodium chloride 
structure itself; for [4a] therefore u^ and uci- could not deviate appreciably 
from i and f , for [4f] they would practically equal 0 and For either 
[4a] or [4f] there are various ways of grouping the hydrogen atoms. Sim- 
ilar approaches to a sodium chloride arrangement can also be obtained 
with structures containing 32 molecules wdthin the unit cube. In accord- 
ance with the results upon the ammonium alums and the low temperature 
form of 1\H4C1, however, it seems more probable that the hydrogen atoms 
do not occupy positions required by the observed symmetry; '^high’^ 
NH4CI would thus be a simple sodium chloride grouping (Figure 167) 
of chlorine atoms and ammonium groups. The length of the edge of the 
unit containing four molecules has been foxmd to be ao = 6.533A° at 250° C. 

Ammonium Bromide ^ NHaBt . — Like ammonium' chloride, ammonium 
bromide has two cubic modifications; the inversion temperature is 137.8°C. 
Powder photographs have been produced from both forms. 

‘^Low’^ Ammonium Bromide. — Ammonium bromide at room tempera- 
ture presents a case which seemingly is strictly analogous to that of the 
low temperature NH4CI Powder photographic data {1921, 9, 84) lead to 
m/n® = 1 and give no reflections corresponding to a value of m greater 
than unity. The nitrogen and bromine atoms thus should have the 
cesium chloride arrangement (Figure 178); the intensities (Table XXX) 
calculated upon this basis are in excellent agreement with observation. 
As with NH4CI it is probable that the hydrogen atoms do not have fixed 
positions which meet the demands of a cubic symmetry. 

The length of the edge of the unit cube containing one molecule has 
been given as ao = 4.07A° {1921, 84) and 3.988A° {1921, 9). 

'‘High’' Ammonium Bromide. — Powder photographs {1921, 9) of 
NH4Br taken at 250° C show only the lines of either a sodium chloride 
or a rino sulfide arrangement. Except for too intense reflections from 



CRYSTAL STRUCTURES OF HALIDES, CYANIDES, ETC, 323 


odd orders of planes with, all odd indices, the experimental data are in 
satisfactory accord (Table XXXI) with the requirements of a sodium 
chloride grouping (Figure 167) of the nitrogen and bromine atoms. The 
problem of the positions of the hydrogen atoms is identical with that 
discussed under the high temperature form of XH 4 CL 


Table XXX. Intensities of the Principal Powder Reflections from Low- 

NH4Br (Nn - 7; Nsr == 36) 

Intensity 


Indices 

Observed { 1921 , 9) 

Calc, for [la, 

100(1) 


5.2 

110(1) 

10 

10 

111(1) 

2 

1.9 

100(2) 

2 

2.2 

120(1) 

4 

S.l 

112(1) 

4 

5.5 

110(2) 

2 

2.0 

122(1) \ 

100(3) / 

2 

2.0 

130(1) 

2 

3.0 


Table XXXI. Intensities op the Peincipal Powder Ebplections prom High- 

NHiBr (Nn = 7; Nsr = 36) 


Indices 

Observed 

Intensity 

Calc, for [4b, 4c] 

Calc, for [ 

111(1) 

— 

8.5 

10 

100(2) 

10 

10 

3.3 

110(2) 

10 

8.9 

6.5 

113(1) 

8 

5.5 

6.5 

111(2) 

4 

3.7 

1.2 

100(4) 

2 

2.0 

1.4 

133(1) 

6 

2.8 

3.3 

120(2) 

6 

6.0 

2.0 

112(2) 

4 

4.9 

3.6 


The length of the edge of the unit cube containing four molecules is 
found to he ao = 6.90A° at 250° C. 

Ammonium Iodide, NHJ . — Spectrometer observations {1917, 25) as 
wen as powder photographs {1921, 9) have been made from ammonium 
iodide at room temperature.” They show, as information from other 
sources has made probable, that this form of NH4I corresponds to the 
high temperature modifications of NH4CI and NH 4 Br. The data give 
m/n® = 4 and there is no eicperimental evidence that m is greater than 
four. The observed lines are those of either a sodium chloride or a zinc 
sulfide arrangement. The scattering power of nitrogen is so insignificant 
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compared with that of iodine that the available diffraction measurements 
are incapable of deciding between these structures (Table XXXIJ) . Out- 
side evidenccj such as relationships to other halides, appropriately additive 
interatomic distances and cubic as opposed to dodecahedral cleavage, 
however, make it (|uite probable that a sodium chloride-like arrangement 


Table XXXII. 

Intensities of the 
NH J (Nn - 

Principal Powder Heflections from 

7; Ni = 54) 

iNTENsrrr 

Ikbicks 

Ol^erved 

Calc, for [4b, 4cl Calc, for [4b, 4dl 

111(1) 

— 

10 

10 

100(2) 

— 

9.0 

4.0 

110(2) 

10 

8.0 

6.0 

113(1) 

10 

6.5 

6.5 

111(2) 

3 

3.3 

1.5 

100(4) 

2 

1.8 

1.3 

133(1) 

8 

3.3 

3.3 

120(2) 

8 

5.4 

2.4 

112(2) 

5 

4.4 

3.3 

is the correct one. 

The questions of the positions 

of the hydrogen atoms 


and of the S 3 unmetry class of this crystal are the same as those already 
discussed imder *‘high-lS[E 4 Cl/^ 

Two determinations of the length of the edge of the unit cube con- 
tainmg four molecules are ao = 7.20A° (1917, 25) and 7.199A° (1921, 9). 

Phosphonium Iodide, PHd (1922, ^5) —Crystals of PHJ have tetrago- 
nal s^umnetry; but their axial ratio has never been measured. Both spec- 
trum and Laue photographic observations have been made. Spectrum 
reflections from the base and from a prism face [the crystallographic (110)] 
show a : c = 1 ; 1.031 as a possible axial ratio. The smallest unit devel- 
oped from this ratio has the dimensions ao = 4.48A®^ Co = 4.62A° and 
contains one molecule. The lowest wave length in the X-ray beam used 
in making the Laue photographs was 0.23A°. Observed spots calculated 
upon the basis of this one-molecule unit give values of nX as low as 0.15A®; 
this unit and othem differing from it only by having Co integral multiples 
of 4.62A° are therefore impossible. The diagonal unit for which 
ao = ^/2 • 4.48A° = 6.34A° and Co = 4.62A® contains two molecules. It 
yields no impossible values of nX and therefore has been chosen as the 
simplest one permitted by the X-ray data. From a consideration of the 
results of the theory of space groups it is shown that no arrangement 
without variable parameters is compatible with the Laue experiments. 
This is true not only for the two-molecule unit but for larger ones con- 
taining four or eight molecules. 
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There are only two ways of arranging two sets of two equivalent posi- 
tions so that the resulting structure will have one variable parameter. 
They are: 

0] Phosphorus (or iodine) atoms: 0|i; |0|, 

Iodine (or phosphorus) ‘‘ OOu; OOu. 

[k] Phosphorus (or iodine) 000; 

Iodine (or phosphorus) 0|u; |0u. 

The first of these pairs of arrangements, [j], is eliminated by the absence 
of reflections from planes having the indices (hkO), where h and k are one 
even and the other odd. A study of first orde:^ reflections for which h and 
k are one even and the other odd and for which the intensity is dependent 
only upon the value of 1 shows that umust be near to either 0.10 or 0.40 
for the second pair of structmes [k]. First order reflections with the indices 
hk3, where h and k are both odd, are either absent or extremely faint; 
calculations of the structure factors of these reflections on the assumption 
that the scattering powers of phosphorus and iodine atoms are roughly 
proportional to their atomic numbers strongly favor the following arrange- 
ment, which consequently has been chosen as the simplest one possible 
for PHJ: 

[k'l Phosphorus atoms: 000; HO, 

Iodine “ 0|u; |0u. 

The value of u seems to lie between 0.39 and 0.41 but can hardly be exactly 
equal to 0.40. This arrangement is in qualitative agreement with all 
of the Laue data. Its unit cell is shown in Figure 179. As is true of the 



Fig. 179. — ^The aixangement of the phosphorus (ringed circles) and of the iodine (black 
circles) atoms in the unit cell of the proposed phosf^onium iodide structure [k']. 
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other ammonium and substituted halides the positions of the hydrogen 
atonas caimot now be determined. The relation between this structure 
and that of “low” ammonium chloride, to which it is closely related, will 
be clear with the aid of Figure 180. 



Pig. 1^. — A construction cell of the low temperature modification of ammonium 
chloride, so chosen as to bring out its relation to the phosphonium iodide unit shown 
in Figure 179. The dot-and-dash lines are the cubic axes of the unit cube of NH^Ch. 

T etrmnethylammonium Iodide, N(CHs)J. — Crystals of this compound 
have tetragonal symmetry. Spectrometer reflections {1917, 25) have been 
used to give a structure in which the four carbon atoms of a methylam- 
monium group were associated together but not about a central nitrogen 
atom. This arrangement seemed so improbable that another {1922, 67) 
based upon the space group Di— 7 has been proposed. A similar spec- 
trometer technique has proved itself so inadequate, in the case of the 
alums for instance, that additional experiments are needed before anything 
definite can be considered to be known about the atomic arrangement 
in this crystal. Even if the correct space group should have been 
selected, the other groupings deducible from it have not been finally 
eliminated. 

Potassium Cyanide, KCN {1921, 26; 1922, 12, ;25i).— Reflection data 
from single crystal faces and Laue photographic measurements have been 
obtained for this cubic crystal. From the former it is clear that m/n® = 4; 
there is no experimental evidence pointing to a value of m greater than 
four. Only planes with all odd indices reflect in the first order region. 
This immediately suggests either the sodium chloride or the zinc 
sulfide arrangement. The intensities of the reflection spectra and the 
observation (made upon a powder photograph) that 111(1) is weaker 
than 100(2) eliminate the second type of structure. The problem of the 
coordinate positions of these atoms then is essentially the sams as that 
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discussed for the high temperature form of ammonium chloride. The 
two possible structures containing four molecules in the unit are: 

[4a] uuu; uuu; uuu; utiu, where u^ = i and Uc and lie on 
either side of f ; and 

[4f] uuu; .u + i, I — u, u; i — u, u, u + |: u, u + |, | — u, 

where u^ = 0 and u^ and u^^- have values on either side of Besides 
these there are holohedral groupings [32a] and [32bl (1922, 111), which 
contain 32 molecules and can be made to approach indefinitely close to 
the sodium chloride arrangement. No selection is now possible between 
these positions for the carbon and nitrogen atoms; in fact it is not incon- 
ceivable that the cyanide group, like the previously discussed ammonium 
group (see page 320), should function as a structural entity. Making the 
tentative assumption that [4a] is the correct grouping, it has been shown 
(1922, 12) that best agreement with the data is obtained if the approximate 
nitrogen and carbon parameters are chosen as 0.80 and 0.70. This result 
cannot, however, be considered as doing more than indicating in a general 
way the probable nearness of approach of the nitrogen and carbon atoms. 
It is also shown that the hypothesis of a single group of outside electrons 
surrounding both carbon and nitrogen nuclei ^ is not in good agreement 
with the Laue data interpreted by the prevailing scattering assumptions. 

As a result of these studies it must be concluded that in crystals of 
KCN the potassium atoms and the cyanide groups have a sodium chloride 
arrangement (Figure 167); the exact distribution of the carbon and nitro- 
gen atoms is not, however, determinable. The length of the edge of the 
unit cube containing four molecules is given as ao = 6.54A'^ (1921, 20) 
and 6.55A° (1922, 12). 

Bihalides, etc. 

Fluorite, CaF ^- — Crystals of CaF 2 are isotropic and apparently have 
holohedral s^mmietry. Both spectrometer measurements il914j 1^) 
powder photographic data (1921, 46; 1922, 37) have been recorded. The 
published Laue photographs (1914j 24; 191t5, 10) have not been analyzed 
with the thoroughness now possible and consequently are of little value 
for structure determination. Their apparently holohedral symmetry 
would however, eliminate atomic arrangements having the symmetry of 
either T or Ti. The spectrometer and powder data lead to m/n® = 4 
and give no reason for believing that m is greater than four. Two holo- 
hedral arrangements [4b, Se] and [4d, 8d] (see page 279), arise (1919, 24; 
1922, 111) from an application of the assumption that the calcium atoms 
are alike and that the eight fluorine atonos also are alike. Two additional 

^ I. Langmuir, J. Am. Chem. Soc. 41 } (1919). 
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arrangements can be developed from the space groups 0—6 and 0—7; 

are enantiomorphic and probably are definitely efiminated by the 
absence of any crystallographic evidence for this sort of hemihedry. Only 
reflections from planes with all odd indices have been observed in the odd 
orders. If, as would in all probability be the case, this fact is substan- 
tiated by additional powder data and a careful analysis of Laue photo- 
graphs, it will definitely eliminate not only these two enantiomorphic 
structures but also [4d, 8d]. These arrangements are all developed from 
a simple cubic lattice and even though, as in [4d, 8d], the calcium atoms 
may have the face centered arrangement necessary to give only all odd 
indices in the odd orders, the scattering power of the fluorine atoms is not 
negligible. It therefore must be concluded that the best available dif- 
fraction data point to the calcium fluoride arrangement^^ [4b, 8e] (Figure 
171) as the correct one. The extent of the agreement between the ob- 
served intensities of powder reflections and those calculated for this 
structure is shown in Table XXXIII. The structure factor necessary 
for these calculations has been discussed under Ce 02 (page 281). 

Table XXXI IL Intensities of the Pkincipal Powder Eeflections from 
CaFa (Nca = 18; Nf = 10) 



Intensity 

Indices 

Observed i 

Calculated [4b, Se] 

111(1) 

medium 

4.7 

100(2) 


<0.1 

110(2) 

strong 

10 

113(1) 

strong 

3.1 

111(2) 

0 

<0.1 

100(4) 

medium 

2.2 

133(1) 

medium-strong 

1.6 

120(2) 

0 

<0.1 

112(2) 

strong 

5.5 


The length of the edge of the unit cube containing four molecules 
has been variously given (1914^ 12; IBBlj 46; 19BB, 27, 37) : ao = 5.40A'^, 
5.452A^ ± 0.2%, 5.478A" ^ 0.2%, 5.455A° 0.1% and 5.49A°; aU of 

these except the first are based upon powder data. 

Barium Fluoride, BaF^ {192B, 27). — It has been said that powder 
photographs show this crystal to have a calcium fluoride arrangement 
(Figure 171) of its atoms, with ag == 6.20A°. No data have yet been 
published. 

^ Tlie reflections to which the data of this column refer were of the Cu K-a line. . 
Because of the large angles resulting from the use of these long X-rays, more than the 
most qualitative correspondence to the calculated intensities is not to be expected 
(see page 103). 
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Cadmium Iodide, Cdl^ {1922, 14 )- — Cr 3 'stals of Cells exhibit hexagonal 
S 3 nnmetry. Their Lane photographs have complete trigonal symnietn’'; 
the s^mmietry of atomic arrangement must therefore be that of one of the 
point groups 3e, 3D or 3Di. Making the assumption that the fundamental 
lattice is hexagonal (r^) rather than rhombohedral (Frij), spectrum obser- 
vations from the base and prism faces yield as a cr^’stallographically 
conceivable unit one with the axial ratio a : c = 1 : 1.613. The dimen- 
sions of this unit — ao == 4.24A°, Co = 6.84A® — combined with the densit\^ 
show that one molecule would be associated with it. Though the pres- 
ence of critical absorption limits from both cadmium and iodine must 
cause great interference, the Laue data seem to agree with this one mole- 
cule unit. Eeference to the results of space group theoiy (1922, 111) 
has indicated three arrangements possessed of the necessary" s^’^mmetry: 

[h] Cadmium atom: 000, Iodine atoms: | f u; 1 1 u, 

[l] “ OOu, - if0;fi0, 

[m] “ 000, OOu; OOu. 

The third, [m], is eliminated b^" the fact that the third order reflection 
from (10*0) is stronger than either 10-0(1) or 10*0(2) whereas for this 
grouping there should be a “normal decline for all prism face reflections. 
On the basis of plots of the variation of the structure factor with values 
of u it is concluded that for no value of u is [1] capable of accounting for 
the relative intensities of the eight observed orders of reflection from 
(00*1). These intensity requirements are qualitative^ met by arrange- 
ment [h] if u lies between 0.23 and 0.253 (with best agreement close to 
0.25). The useful Laue data are said to confirm this choice of structure. 

It can consequently be concluded that the pyrochroite arrangement 
[h] (Figure 173), where 0.23 < u < 0,253, is the simplest one possible 
for crystals of Cdl 2 . It is furthermore the onl}’' one that can be deduced 
from an hexagonal unit containing one molecule and having the dimensions 
ao = 4.24A® and Co = 6.84A°. 

Hydrazine Dihydrochloride, NJl^Ch {1923, 92). — Hydrazine dihydro- 
chloride crystalhzes in isotropic octahedrons. Its Laue photographs 
have a strongly marked hemihedry; the symmetry of atomic arrangement 
is therefore either T or Ti. The results of spectrum reflections from the 
(111) face combined with a knowledge of the density yield m/n® = 4 for 
molecules of the composition NJEgCL. There is no evidence from Laue 
photographs that m should be greater than four. First order reflections 
from planes with all odd, two odd and one even and two even and one 
odd indices are all present; the fundamental lattice is therefore the simple 
cubic one Pc- A decision between arrangements developed from the 
different space groups built upon this lattice can be made from a study 
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of the first order reflections from planes with one index zero. It is found 
experimentally that though several planes of the forms [kOl], where k is 
odd and 1 is even, appear no reflections are to be found with the indices 
[Okl], [hkO] or [hOk], where h also is odd. This is a distinctive property 
of the space group Ti—fl, The following arrangement is the only one 
from Ti— 6 which permits a grouping together of the two nitrogen atoms 
to form, with hydrogen atoms, a hydrazine radical: 

[8h] Nitrogen atoms: uuu; u + |, | — u, ti; u, u + f — u; 

I - u, U; u + i; 

uuu; I — u, u + u; u, J — u, u + 
u + I, u, J — u. 

Chlorine atoms: The same arrangement with Uci different 
from u^. 

As usual the positions of the hydrogen atoms cannot be definitely 
determined. If their positions conform to the symmetry of the crystal 
»as a whole, then they would most naturally be defined by the 24 generally 
placed equivalent positions of Ti — 6 with coordinates which would group 
six hydrogen atoms around each nitrogen pair. It is assumed, on the 
basis of the interatomic distances observed in other crystals, that Un 
probably is between 0.02 and 0.07 and that uci cannot lie outside of the 
range from 0.11 to 0.44. Upon this basis it is clear that in order to give 
qualitative agreement with the Laue data Uci must have a value close to 
0.27. The impossibihty of assigning any certain value to the scattering 
power of the light nitrogen atoms prevents the accurate determination of 



Fig. 181. — The unit cube of the hydrazine dihydrochloride arrangement [8h, 8h]. 

their positions; nevertheless the best fit with the observations is obtained 
for around 0.04. The positions of the atoms within the unit cell of 
this grouping are illustrated in Figure 181. The structure can be thought 
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of as a somewhat distorted calcium fluoride arrangement of hydrazine 
(NsHs) groups and chlorine atoms. The grouping is strictly analogous 
to that of the barium atoms and nitrate groups in Ba(N 03 ) 2 . 

The length of the edge of the unit cube containing four molecules of 
N 2 H 6 CI 2 , as determined from a comparison reflection spectrum using the 
(100) face of calcite as standard, is ao — 7.89A°. 


Tetrahalides, etc. 

Tin Tetraiodide, Snl 4 , (1923, So ). — Crystals of tin tetraiodide are iso- 
tropic with a face development which is distinctly p 3 ?Titohedral (point 
group Ti). Laue photographs exhibit a hemihedry which proves that the 
symmetry of atomic arrangement is either T or Ti. Reflection spectrum 
measurements from the (111) face combined with the density lead to 
m/n^ = 8 . No. obtainable information suggests that m should be greater 
than eight. First order reflections are present from planes with all odd, 
two odd and one even and two even and one odd indices. The funda- 
mental lattice must therefore be the simple cubic Fc- Criteria are avail- 
able (Table III of Chapter VII) for selecting between the space groups 
built upon this lattice in the case of cr^^staLs which contain atoms in 
general positions. These same criteria apply to the special positions 
which are involved in any placing of eight molecules within the unit cube. 
From the absence of first order reflections with indices [Okl], [Ohk] and 
fhOk], where h and k are odd and 1 is even, though [kOI] reflections are 
present, it may be concluded that the corresponding space group is Ti- 6 . 
Inspection of all of the special cases of this space group (1922, 111) indi- 
cates that the following arrangement is the only one which permits a 
grouping of iodine atoms about a tin atom: 

Tin atoms: The positions of arrangement [ 8 h] (see page 279). 

Iodine atoms: Eight atoms with arrangement [ 8 h], where Ugn 5 ^ Ui, 
and the 24 generally equivalent positions of Ti — 6 [Ti— 6 , 24], 

xyz; X + I, I - y, z; X, y + I, I - z; | — x, y, z + i; 

zxy; z, X + i, I - y; 4 - z, X, y + i; z + I, i - X, y; 

yzx; 4 — y, z, X + I; y 4- i, 4 — z, x; y, z + i, 4 ~ x; 

xyz; 4 - X, y + 4 , z; X, 4 - y, z + 4; X + 4; y, 4 - ZJ; 

zxy; z, 4 - X, y + 4; z + 4 , X, 4 — y; 4 — 2 , x + §, y; 

yzx; y + 4, 4 7 - x; 4 - y z, + 4^ x; y, 4 - 2 , x + 4- 

All four of the iodine atoms associated with each tin atom thus cannot 
be crystallographically equivalent; whether this non-equivalence is chem- 
ically significant in indicating a difference between the valency bondings 
of tin is a question which cannot now receive a final answer. 
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The structure as outlined above possesses five variable parameters: 
it would therefore not be feasible to attempt a satisfactory determination 
of their values. The following set of coordinates has been obtained 
by trial and is said to account qualitatively for the attainable Laue data: 

usa = 0.129; ui = 0.253; x = 0.009; y = 0.001; z = 0.253. 

The type of atomic arrangement corresponding to this structure is shown 
in Figure 182. It maj’ be pictured as a grouping of molecules of Snl 4 in 



Pig. 182. — Portions of a unit of the tin tetraiodide grouping (after Dickinson). The 
tin atoms have the positions of the ringed circles; the black circles give possible 
positions for the iodine atoms. 

pairs, about points of a face centered lattice; the pairs of sulfur atoms in 
pyrite, FeSs (Figure 176), are similarly distributed. 

The length of the edge of the unit cube containing eight molecules 
of Snii is determined to be ao = 12.23A°. 

Some spectrum photographs {192Sj 60), which must have been faint, 
gave only the reflections of a one-molecule unit. Because of this incom- 
pleteness in the experimental data, the partial determination of structure 
based upon them is necessarily incorrect. Interpreting these spectrum 
reflections in terms of the true eight-molecule cube, ao becomes 12.08A'^. 

Acid Halides, etc. 

Potassium Hydrogen Fluoride, KHFt {192S, 16). — Crystals of KHF 2 
have tetragonal s}Tnmetry, the usually assigned axial ratio being 
a : c = 1 : 0.601. A possible crystal structure has been suggested on the 
basis of spectrum and Laue photographs. It is found that a unit for 
which ao = 5-67A° and Cq = 6.81A® (a : c = 1*: 1.201) agrees with the 
Laue data. These measurements combined with the density show that 
such a unit contains four molecules of E 3 IF 2 . The Laue photographs have 
holohedral symmetry; the* symmetry of atomic arrangement is therefore 
4d, 4e, 4D or 4Di. Only planes with two odd and one even indices were 
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found to reflect in odd orders; from this observation it is concluded that 
the underlying space lattice is body centered. It is thought that the 
strong fourth and very weak second and sixth order reflections from (001 ) 
prove that the potassium and fluorine atoms are exactly in phase for the 
fourth order reflection and exactly out of phase for the other two. Operat- 
ing upon this restrictionj of unproved validity, it is found that six types of 
atomic arrangement remain possible. A comparison between the inten- 
sity data from Laue photographs and the requirements of these structures 
shows agreement with only the following: 

[n] Potassium atoms: OOJ; OOf; ||i; 

Fluorine u, u + §, 0; | — u, u, 0; u + i, u, J; u, | — u, 
u, i - u, 0; u + I, u, 0; I -- u, 0, i; ti, u + 

where u = 0.14 0.01. 

As usual the positions of the hy^drogen atoms are indeterminable; of the 
three sets of possible positions conforming to the syumnetry of the crystal 
as a whole, the following seems most probable: 

Hydrogen atoms: 0|0; |00; §0|; 0||. 

This distribution would place hydrogen atoms between two fluorine atoms 
with the formation of HF 2 groups. The unit cell of this structure and 
its relation to the cubic cesium chloride arrangement, which it most 
closely resembles, is shown in Figure 183. 



A B 


Fig. 183. — The unit cell of the suggested atomic arrangement for KHF 2 is shown at A. 
The potassium atoms are represented by ringed circles, the fluorine atoms by large 
black circles. The probable positions of the hydrogen atoms are given by the small 
black circles. The construction ceU of B serves to illustrate the relation that exists 
between this structure for KHF 2 and the cubic cesium chloride arrangement of Fig. 
178. 
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It is difficult to estimate tlie probabiKty of correctness for tMs struc- 
ture. An arrangement not in conflict with the attainable data has pre- 
sumably been found but at least one of the assumptions used in deducing 
it has not received a Justification sufficient to permit the conclusion that 

atomic arrangement-is the only simple one or the simplest one possible 
for KHF 2 . 

Sodium Hydrogen Fluoride, NaHFi {1923, 78). — Crystals of NaHF^ 
have hexagonal sjunmetry, presumably belonging to the rhombohedral 
division of this system. Proceeding upon the assumption that these 
crystals have the same type of atomic arrangement as that exhibited by 
CsCUI, powder photographic data have been used to assign a value to the 
variable parameter defining the positions of the fluorine atoms in this 
structure. While it may be true that a similarity in structure exists 
between these two salts, existing knowledge does not permit any assump- 
tion of their structural isomorphism. From an experimental standpoint 
any study of the structure of non-cubic crystals which does not take into 
consideration and select between at least some of the geometrically possible 
unit cells is worthless. For these reasons little weight can be attached 
to this treatment of sodium hydrogen fluoride. 

Hydrates and Aromoniates of Halides, etc. 

Nickel Chloride Hexammoniate, NiClf6NHs (1922, 108). — Crystals of 
this compoimd are optically isotropic but no crystallographic investigation 
has ever indicated the sjunmetry class to which they belong. Spectrum 
photographs combined with their density give m/n^ = 4; there is no evi- 
dence that m is greater than four. Only reflections with all odd indices 
were found in the first order region. Considering the chemical complexity 
of the compound this fact is taken to indicate that the lattice underlying 
the corresponding space group is the face centered Te'. No hemihedry 
could be observed in the Laue photographs. Since the scattering power 
of the nickel atoms is not overwhelmingly greater than that of the chlorine 
and nitrogen atoms it is concluded either that the symmetry of atomic 
arrangement of the crystal is that of one of the point groups, Te, 0 or 
Oi, or that the coordinate sets defining the positions of the nickel, chlorine 
and nitrogen atoms are deducible from space groups isomorphous with 
one of these point groups. From this and an inspection of the results of 
the theory of space groups it follows that the corresponding space group 
for NiCla-flNHs is either Ti— 3, 0—3 or Oi— 5. The attempt to 
place four molecules of this salt within a unit cube having the symmetry 
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properties of these space groups shows that the atoms must lie in the 
following positions : 


Nickel atoms; [4b] 000; 0||; |0§; J|0, 
Chlorine atoms: [8e] Hi; iff; Uh iil; Iff; 


113 . 13 1 
444 ; 444 ; 444 ; 


Nitrogen atoms: One of two arrangements which have been designated 
as [24a] and [24c] (1922, 111). 


Hydrogen atoms: The positions of the hydrogen atoms cannot of 
course be found experimentally. If they are situated in accord with the 
S3rmmetry of the entire crystal, two of the hydrogen atoms of an ammonia 
group must be crystallographically different from the third. A grouping 
of three hydrogen atoms about each nitrogen atom is then possible only 
if the space group is Ti — 3. 

Calculations of the appropriate structure factors indicate that if the 
nitrogen atoms have arrangement [24c] only nickel atoms are reflecting 
in odd orders; on the other hand if their grouping is that of [24a] nitrogen 
atoms as weU as the atoms of nickel are effective. The Laue data show 
that under comparable conditions of reflection some first order spots 
from planes with larger spacings are weaker than those with smaller 
spacings. This can only occur if the nitrogen atoms are grouped ^ according 
to [24a]: 


Nitrogen atoms: [24a] 

uOO; u + i, 0; u + 0, u|J; 

tiOO; i -- u, I, 0; t - u, 0, uM; 

OuO; i, u + I, 0; fuj; 0, u + J, J; 

OuO; i, i - u, 0; Jui; 0, i - u, 

OOu; Mu; i, 0, u + I; 0, u + 

OOu; "i"; 0, J u; 0, ^ u. 

From a consideration of the effect of the different values of u upon the 
relative intensities of the observed orders of spectral reflections from (111) 
it is certain that u^ is near to either 0.25 or 0.50. The structure factor 
of this arrangement [4b, 8e, 24a] for first order reflections with all odd 
Indices is 

A == 4Ni + 8N (cos 2 xhu + cos 2 irku + cos 2 ttIu); B = 0. 

The possibility of u being near 0.50 is eliminated and its value in the neigh- 
borhood of 0.25 is more accurately found by plotting the variation of A 
with different values of u for the numerous first order reflections observed 


^ This is true as long as the fundamental assumption (page 101) is maintained that, 
other things being equal, intensities decrease — some fashion — ^with decrease in 
spacings. 
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on the Laue photographs. Making use only of cases where planes with 
larger spacings were weaker than those with smaller spacings this pro- 
cedure leads to 0,227 < u < 0.245. If the scattering powers of nickel 
and nitrogen atoms were proportional to their atomic numbers^ which 
can scarcely be accm‘ately true, u could not be less than 0.24. 

The unit cell of this structure is shown in Figure 184. All six of the 
ammonia groups are equivalent and appear to be most closely related 



Fig. 184. — Tbe unit cube of the nickel chloride hexammoniate structure [4b, 8e, 24al. 
For crystals of NiCls-eNHs the nickel atoms are represented by ringed circles and the 
chlorine atoms by black circles. The positions of the ammonia nitrogen atoms 
(small black circles) are given if the ringed circles are replaced by the atomic groups 
of B. 


to the nickel atoms. The atoms of chlorine and those of nickel 
[or IS;i(NH 3)6 groups, assuming them to have a physical as well as geo- 
metrical existence] have the calcium fluoride arrangement fFigure 171). 

A comparison spectrum photograph against a (100) face of calcite as 
standard gives as length of the edge of the unit cube containing four 
molecules; ao = 10.09A°. 

Nickel Bromide Hexammonicde, NiBr^.SNHz {1922 ^ 108), — Crystals of 
this salt give X-ray diffraction data which are completely analogous to 
those of the chloride. By a treatment identical with that just outlined 
for XiCh-ONHs they lead to the same structure [Ni : 4b; Br : 8e; N : 24a]. 
The length of the edge of the unit cube containing four molecules (Figure 
184), BE deduced from compaiison spectrum measurements, is found to be 
ao = 10.48A^. No attempt has been made to estimate the parameter u 
defining the positions of the nitrogen atoms. 

Nickel Iodide Hexammoniaie, NilrONHz {1922, Crystals of 

this optically isotropic substance give spectrum and Laue photographs 
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which are exactly similar to those furnished by the chloride. A treat- 
ment like that outlined for the latter yields a nickel chloride hexam- 
moniate arrangement for the iodide. The lesser intensity and smaller 
number of first order reflections permit only an approximate placing of 
the nitrogen atoms* From the available reflections of this sort it has 
been shown that 0.20 < u < 0.25. Similar considerations upon com- 
parable second order spots seem to favor a value near to 0.24. This 
same upper value would be necessary with scattering powers of nitrogen 
and iodine atoms roughly proportional to their atomic numbers. 

Comparison spectrum data give as length of the edge of the unit cube 
containing four molecules (Figure 184) ao = ll.OlA®. 


Polyhalides, etc. 

Cesium Dichloroiodide, CsCkI (1920, 61 ). — CsCbl is said to be dimor- 
phous, crystallizing under some conditions with hexagonal (rhombohe- 
dral), under others with orthorhombic S 3 mimetry. In the investigation 
of their crystal structure only twinned rhombohedral specimens which 
simulated orthorhombic crystals were obtained under conditions intended 
to produce the orthorhombic form. For this reason the atomic arrange- 
ment in only the rhombohedral modification has been studied. 

Spectrum measurements from the base combined with the density give 
m/n® = I for a unit rhombohedral cell having the shape required by the 
crystallographically used interaxial angle a = 98^ 22'. Since crystals 
having the S 3 mimetry of the rhombohedral division of the hexagonal sys- 
tem contain not more than 12 equivalent positions within a unit rhom- 
bohedron, reference to Table I of Chapter VII shows that m for such 
a cell should undoubtedly equal four. Because less simple units would 
be possible if the fundamental lattice is Ti, rather than it has been 
concluded, without, however, any definite proof, that Frh is the correct 
lattice. An interpretation of the Laue data proves that the four molecule 
cell is not the unit. A cell obtained by taking the face diagonals of this 
first rhombohedron and containing one molecule of CsCbl is satisfactory. 
The symmetry of the Laue photographs is in accord with the crystallo- 
graphically assigned symmetry 3Di. If it is assumed that this symmetry 
class is correctly chosen then a consideration of the results of space group 
theory shows that the only possible way of arranging one molecule of 
CsClJ within the unit cell is the following (see 3Di— 5): 

[o] Cesium atom: 000 (or ill), 

Iodine “ ||| (or 000), 

Chlorine atoms: uuu; uuu. 
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The scattering powers of the cesium and iodine atoms are so close together 
that it is impossible to choose experimentally between their alternative 
positions. By comparing the observed first order reflections from planes 
having similar spacings with plots of the variation of their calculated 
intensities with u, it has been shown that uci is close to 0.3. If the ratio 
of the scattering powers of cesium (or iodine) and chlorine were that of 
their atomic numbers qualitative agreement with the observed data 
would be obtained only if 0.312 < u < 0.317. From what is now known 
of the interatomic distances in other crystals it seems likely that the 
chlorine atoms are nearer to the iodine atoms than to the cesium atoms 
(cesium at 000 rather than |||) but this supposition cannot now be 
tested experimentally. 

The unit cell of this atomic arrangement is shown in Figure 185. The 
grouping is, however, most simply pictured as a sodium chloride struc- 
ture (Figure 167) in which cesium atoms replace sodium atoms and 



Fig. 185. — ^The unit rhombohedron of the probable atomic arrangement for cesium 
diehloroiodide. The chlorine atoms are represented by small black circles. The 
positions of the cesium and iodine atoms are experimentally indistinguishable, one 
kind of atom being located at the center, the other at the corners of the unit. It is 
likely, however, that the iodine atom has the position of the large black circle. 


ICI 2 groups replace* chlorine atoms and which has been distorted along a 
trigonal axis until the right angle between coordinate axes has become 
98® 22'. The length of the edge of the unit rhombohedron containing 
one molecule, as determined from spectrum photographs and the angle 
ai-70^42', is ao = 5.46A®. 

The structure here deduced is a simple and plausible one which agrees 
qualitatively with the attainable data. As such it has a certain proba- 
bility of correctness. It is not, however, proved to be the only simple 
one that is possible. 
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Potassium Triiodide, Kh; Cesium Triiodide, Csh; Cesmm Dibrofnio- 
dide, CsBr^I {1922, 24; 1923, 28, 29), — The first of these crystals is mono- 
climC; the other two are supposed to be orthorhombic. Spectrometric 
observations have been made upon a few faces of these crystals using the 
white radiation from a tungsten tube. As illustrations of resonance 
reflections from the atoms in crystals these measurements (see for instance 
Figure 117) are of great interest. Both the data and their treatment are, 
however, incapable of proving an;^i;hing definite about the manner of 
atomic arrangement in crystals with such low symmetry. 


Double Halides and Cyanides 

Potassium Zinc Cyanide, KzZniCN)^ (1922, 32). — Crystals of this 
salt, and those of the corresponding cadmium and mercury compounds to 
be considered subsequently, are optically isotropic and therefore certainly 
possessed of cubic symmetry. Reflection spectra from the (111) face 
combined with the density show that m/n® — 8/27. Laue and spectrum 
photographic data give no reason for believing that m is greater than 
eight. Since the S 3 mametry of these photographs is holohedral the sym- 
metry of atomic arrangement must be that of Te, O or Oi. The fact that 
only planes with all odd indices reflect in the first order region indicates 
that the fundamental lattice is face centered. Planes of the forms [hkl], 
where h = =±= k, are found to reflect in the first order region; it follows 
from this (Table III, Chapter VII) that the corresponding space group is 
Te— 2, 0 — 3, 0—4, Oi— 5 or Oi— 7. Eight molecules of K 2 Zn(CN )4 
cannot be placed within the unit cube of either 0— 3 or Oi— 5. A 
structure could only be built up from Te— 2 by making four of the zinc 
atoms different from the other four, making all of the potassium atoms 
alike and causing haff of the cyanide groups to be different from the other 
half. Structures with atoms in arrangement [16a] (1922, 111) of Te— 2 
differ from those developed from Oi— 7 in that only the former give 
second order reflections with the indices Okl, where k is even and 1 odd 
(Table III, Chapter VII). Any arrangement for K2Zn(CN)4 derived from 
Te— 2 will have five separate sets of atoms grouped according to [16a]. 
Unless they have such values of u that the resulting structures are in 
appearance indistinguishable from those to be deduced from 0—4 and 
Oi— 7, second orders of [Okl] should be found from such a grouping. 
Their complete absence in both Laue and spectrum photographs may be 
taken to eliminate the possibility of distinctive arrangements from Te— 2 
and to show that the corresponding space group for K2Zn(CN)4 is Oi — 7 
(or 0—4). 
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The following two arrangements {19B2, 111) are possible from Oi 7 
(orO-4): 

Zinc atoms: [ 8 f] OOOj 0|§; zzii! 4441 444 ? 

Potassium atoms : [16b] or [16c], 

Carbon atoms: [32b] ^ 

uuu; u + i u + i u; u + i u, u + I; u, u + u + 

uuu; u + i, I - u, u; u + 5 ; u, ^ - u; u, J - u, 5 u; 

tiuu; I - u, u, I - u; J - u, u + i, Q; u, u + 2, 5 - u; 
uuu; I - u, I - u, u; i - u, u, u + I; u, ^ - u, u + ^; 

4 - u, i - u, i - u; f - u, i - u, i - u; f - u, I - u, f - u; 

4 — u, u + i, u + i; I — u, u + f) 11 + 4 j i ~ ^ ^ 

4 — u, u + f, 11 + f j 

u, u + 4; u + 1, 1 — u, u + 4; u + 4 , i — u 


U + 4j 4 


u + f: 


11 + 4;'!”“ Hi 


4; 4 

u + 4i H + 4i 4 


u; u + I, u + f, 4 “ h; u + f, u + 4i 

u + 4, u + f , I - u. 


I - u; 


Nitrogen atoms: Arrangement [32b] with un different from Uc. 


Reflections from (111) are absent in the second order and stronger in the 
third til an in the first order. By plotting the structure factor of these 
reflections for the two arrangements and different positions of carbon 
and nitrogen atoms it was found that the potassium atoms cannot be 
located according to [16b] and that for the structure using [16c] the effec- 
tive center of the cyanide group is near 0.35. The arrangement of the 
potassium atoms in K2Zn(CN)4 is then: 


Potassium atoms: [16c] 


131. 113.. 371 . 353 . 
888 ? 888 ? 8'SSt 888 ? 
15 1 . 115. 511. 555 . 
888 ? 888 ? 888 ? 888 ? 
131. 11^, 311. 5 33. 
888 ? 888 ? 888 ? 888 ? 

Ill; HI; IH: Iff- 


In calculating the structure factors of the two arrangements it is consid- 
ered that knowledge of interatomic distances derived from studies of other 
crystals indicates that the distance between the carbon and nitrogen 
atoms of a cyanide group is between 1A° and 1.5A“. Numerous intensity 
calculations from the different classes of reflections to be expected from 
arrangement [8f, 16c, 32b] are all in qualitative accord with experiment. 
Satisfactory results are obtained if Un (or uo) is taken as 0.34 and Uc 
(or Un) as 0-40, [|(uc + un) = 0.37], but an accurate placing of the 
carbon and nitrogen atoms can scarcely now be made. 
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Tlie unit cell of this structure (Figure 186) containing eight molecules 
of K 2 Zn(CN )4 has been found to have a length of edge: ao = 12.54A°. 



Fig. 186. — ^The unit cube of the potassium zinc cyanide arrangement [8f, 16c, 32i 
The small sub-units B and C replace alternate eighth size cubes of For K 2 Zn(CISI 

the potassium atoms [16c] are represented by ringed circles, the zinc aton^ [8f] I 
large black circles, and the carbon and^ mtrogen atoms (not distinguished from oi 
another) occupy approximately the positions [32b] of the small black circles. 

Potassium Cadmium Cyanide, KiCd{CN)i {1922, S^).— Spectra froi 
individual faces and Laue photographs of crystals of K2Cd(CN)4 funds 
data which are strictly analogous to those from K 2 Zn (CN)* and lead 
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tli6 manner just outlined to & potassixim zinc cyanide structure [8fj 16c, 
32b] (Figure 186) with cadmium atoms replacing atoms of zinc. The 
value of |(uc + u^) is approximately 0.37. The length of the edge of 
the unit cube containing eight molecules is ao = 12.84A°. 

Potassium Mercury Cyanide, KiHgiCN) i {1922, 82). Data from spec- 
trum and Laue photographs of K 2 Hg(CN )4 are strictly analogous to those 
from the two preceding salts. They yield a potassium zinc cyanide 
arrangement (Figure 186) with atoms of mercury in place of those of zinc. 
Though effects due to the cyanide groups are less marked than in the zinc 
gait |(uc + Un) must be in the neighborhood of 0.37. The length of the 
edge of the unit cube containing eight molecules is ao = 12.76A°. 

Potassium Chioroplatinite, K^PtCh {1922, 84).— Crystals of KaPtCh are 
tetragonal; their axial ratio is usually stated as a : c = 1 : 0.4161. Data 
from spectrum and Laue photographs have been assembled. The Laue 
photographs have holohedral tetragonal synometry. On the basis of this 
fact and the absence of crystallographic indications of low symmetry, it is 
assumed that the sjunmetry of atomic arrangement is that of the point 
group 4Di. The simplest unit ceU which agrees with the Laue data con- 
tains one molecule of KzPtCU and has the dimensions: ao = 6.99A°; 
Co = 4.13A°, corresponding to the axial ratio a : c = 1 : 0.591. The space 
group 4Di— 1 is the only holohedral group which has the necessary 
special positions for a unit containing one molecule. Of the numerous 
possible structures offered by 4Di— 1 it is said that the following is the 
only one which fits the observations: 

[p] Platinum atom: 000, 

Potassium atoms: 0||; |0|; 

Chlorine “ uuO; uuO; uuO; uuO. 

By comparing calculations of the structure factor for different orders of 
(111) with the spectrum photographs, it is shown that u should have a 
value close to 0.25. Comparisons of the relative intensities of Laue spots 
with structure factors calculated for different values of u around J indi- 
cate that u is near to 0.235 and probably lies between 0.233 and 0.238. 
Qualitative agreement was found between observed relative intensities of 
reflections from aU sorts of planes and those intensities calculated for this 
structure. The only discrepancies that were encountered were ones 
which involved the quantitative assumption that the scattering powers 
of the atoms involved were proportional to their atomic numbers; and 
these conflicts are eliminated if it is assumed, as indeed seems likely from 
other sources, that the platinum atoms scatter relatively more than this 
simple proportionality would imply. 
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Bearing in mind the assumptions used in its deduction this atomic 
arrangenoent [p] is the geometrically simplest one capable of accounting 
for the observed reflections. Its unit cell is shown in Figure 187. 



Fig. 187. — The unit cell of the suggested potassium chloroplatinite arrangement [p]. 
For K 2 PtCl 4 the positions of the potassium atoms are given by the ringed circles, 
the platinum atoms are represented by the large black circles, and the chlorine atoms 
have approximately the positions of the small black circles. 

Potassium Chloropalladite, K^PdCh {1922, Blj). — Spectrum and Laue 
photographs from crystals of K 2 PdCl 4 give data which are like those from 
KaPtCU and lead by the same course of reasoning to the same possible 
structure (with palladium atoms replacing those of platinum). The 
value of Uci for this salt is found to be about 0.23. The dimensions of the 
unit tetragonal prism containing a single molecule (Figure 187) are: 
ao == 7.04A°; Co = 4.10A°, corresponding to the axial ratio a : c == 1 : 0.582. 

Ammonium Chloropalladite {NH^zPdCU (1922, 34 )- — Crystals of 
(NH 4 ) 2 PdCl 4 give data which are similar to those from the two preceding 
salts and result in the same type of possible structure. The parameter 
u for chlorine is close to 0,23. The unit prism containing one molecule 
(Figure 187) has the following dimensions: ao = 7.21A'"; Co = 4.26A°, 
corresponding to the axial ratio a ; c = 1 : 0.591. 

An interesting question is introduced by the attempt to find positions 
for the hydrogen atoms of the ammonium groups. There is no way of 
arranging them tetrahedrally about a nitrogen atom so that they will 
conform to the crystal symmetry. If they actually have such an arrange- 
ment then the corresponding space group cannot be 4Di"-l and this 
crystal must have either lower symmetry or a larger unit cell. It is 
more probable, however, that as with the ammonium alums, the symmetry 
of arrangement of the hydrogen atoms (if indeed they have fixed positions 
with respect to the structure as a whole) is not necessarily that demanded 
by the observed crystal symmetry. 

Potasdum Chlorostannate, KzSnCk (1922, 31 ), — Spectrum and Laue 
photographic data from this isotropic crystal are analogous to those from 
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NiCLi-eJsHs and as a result of tbe same sort of treatment yield the same 
atomic arrangement [4b, 8e, 24a]. The positions of the atoms in E 2 PtCl 6 
are consequently defined by the following coordinate groups: 

Tin atoms: Arrangement [4b], 

Potassium atoms: Arrangement [8e], 

Chlorine atoms; Arrangement [24a]. Intensity comparisons upon the 
spectrum and Laue photographs and plots of the variation of structure 
factor (see page 335) with the value of u prove that the observed relative 
intensities can be qualitatively accounted for only if u is near to 0.245 
(and less than 0.25). 

The length of the edge of the unit cube containing four molecules 
(Figure 184) has been found to be ao = 9.96A°. 

Ammonium CMorostminate {NH^iSnCh (1922, SI). Data similar to 
those from KaSnCls give the same structme for (]SrH 4 ) 2 SnCl 6 with nitrogen 
atoms in place of those of potassium. If the hydrogen atoms occupy posi- 
tions required by the sjunmetrj' of the crj'stal, they wiU have the coor- 
dinate group which has been designated as [32a] (192B, 111). The param- 
eter u for chlorine is less than 0.25 and very near to 0.245. No effects 
due to different values for uq could be detected in the data from K-aSnCle 
and from (NH 4 ) 2 SnCl 6 . 

The length of the edge of the unit cube (Figure 184) is given as 
ao = 10.05A“. 

Ammonium ChloToplatinate, {NH2)J^tCls (1921, 99). Spectrum and 
Laue photographic data lead to a structure identical with that just de- 
scribed for (NH 4 ) 2 SnCl 6 , if platinum atoms are put in place of atoms 
of tin. Fewer useful Laue data are available for the platinum than for 
the tin salt, partly due to the presence of the heavier platiniun atoms 
and partly because of the small size of the crystals used. For this reason 
it was not possible to exclude experimentally a small region for uq around 
0.10. Such a close approach of chlorine and platinum atoms is con- 
trary to the existing formation concerning interatomic distances. The 
other, and more probable, position for the chlorine atoms makes Uci lie 
somewhere between 0.22 and 0.24. This value for Uci is, it will be ob- 
served, substantially the same as that foimd for the chlorostannates. 

The length of the edge of the unit cube (Figure 184) is stated to be 
ao = 9.84A“. . 

Potassium ChloToplatinate, KsPtCh (1922, 8/i ). — It is reported, without 
the publication of the poivder data upon which the study presumably was 
based, that crystals of KaPtCle have the type of atomic arrangement which 
has been described for KaSnCh, with platinum in place of the tin atoms. 
The chlorine parameter, however, is said to be around 0.16. Inasmuch 
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as Uci has the same value for both the potassium and the ammonium 
chlorostannates it might be anticipated that uci = 0.24 for K 2 PtCl 6 . 

A more detailed investigation is hence to be desired. No determination 
has been made of the size of the unit cube. 

Ammonium Fluosilicate, {NHi) 2 SiFe {1922, 13). — This compound is 
dimorphous— one form being cubic, the other hexagonal in symmetry. 
Only the cubic modification has yet been investigated. From spectrum 
and Laue photographic data it has been shown to have the same structure 
that has been described for NiCk-GNHs and for the chloroplatinates and 
chlorostannates of potassium and ammonium. In (NH 4 ) 2 SiF 6 silicon atoms 
replace tin atoms and fluorine the chlorine atoms of (NH 4 ) 2 SnCl 6 . The 
fluorine parameter, Up, unlike the variable parameters in the other crystals 
structurally isomorphous with it is given as 0.205. 

The length of the edge of the unit cube containing four molecules 
(Figure 184) is found to be ao = 8.38A°. 



Chapter XIII. The Crystal Structures of Nitrates, 
Carbonates, Sulfates, Organic Compounds, etc. 


Nitrates, Chlorates, Bromates 

Sodium Nitrate, AWOa— Crystals of sodium nitrate are hexagonal; 
they appear to have the symmetry of the holohedry of the rhombohedral 
division fthe point group 3Di). Spectrum measurements {1914, 12) and 
Laue photographs (1920, 62) have both been made. The holohedral 
trigonal sjunmetry of the Laue photographs is in agreement with a sym- 
metry 3Di; but in itself this does not preclude the possibility of the sym- 
metry of atomic arrangement being either 3e or 3D. For crystals having 
the sjunmetry characteristics of these point groups unit cells of two differ- 
ent shapes are possible: one is a rhombohedral, the other unit is an hex- 
agonal prism. No method has been devised whereby, at the outset of a 
determination, a final choice can be made between these units. Never- 
theless the following statistical test is possible (1919, 32; 1920, 63). An 
inspection of the spacing equations of Chapter III shows that in general 
plg-nAs with simple indices have the largest spacings and consequently will 
give the most intense reflections, other things being equal. Bravais-Miller 
indices (HK-L), the natural ones for the hexagonal unit, are transformed 
into MiUer indices (hkl), the natural rhombohedral ones, by the following 
equations: ^ 

h = 2H-t-K-|-L;k = K-H + L;l=-2K-H + L. 


If a plane (HK-L) is a simple plane of a rhombohedral lattice the quan- 
tities 2 H- 1 -K- 1 -L, K — H-t-L and — 2 K — H -f- L are each exactly 
divisible by three. It consequently may be expected that if Miller- 
Bravais indices are assigned to reflections from a crystal built upon a 
rhombohedral lattice, the following relation will be maintained for most 
spots, especially those for which the hexagonal indices are not very simple: 


2H + K-bL 
3 


= integer; 


K-H-hL . , 
— — - = integer; 


-2K-H + L 
3 


integer. In actual practice it is found that the application of this test 
divides rhombohedral crystals into two quite distinct groups. Some 

^ See, for instance, P. Grotli, PhysikaJische ErystaJlograpMe (Leipzig, 1895), p. 434. 
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crystals, like pyrochroite, show h, k and 1 divisible by three in a minority 
of cases — about as many as occur in truly hexagonal crystals where the 
underlying lattice is certainly hexagonal. In other crystals, of which 
sodium nitrate and calcite are examples, the requirements of the preceding 
relation are met by a large majority of the spots. It has been considered 
legitimate to take the appearance of such a preponderance of simple 
rhombohedral reflections as evidence that the fundamental unit is a 
rhombohedron. 

The angle between the crystallographically chosen rhombohedral axes 
is ao — 102° 42.5'. Spectra from a (100) face of a rhombohedron devel- 
oped from these axes show, when combined with the known density, that 
the smallest cell in this orientation would contain four molecules of NaNOa. 
The measurements on the Laue photographs indicate, however, that this 
cell is not a unit cell. The simplest unit rhombohedron compatible with 
these Laue data is one which contains two molecules and has the angle 
a 2 = 48° 6' between its axes. The relation between the axes of this new 
unit and those of the original rhombohedron is shown in Figure 188. 




Fig. 188. — The two parts of this figure illustrate the relation between the usual ciys- 
tallographic axes (those of the cleavage rhombohedron) and the axes of the mit 
rhombohedron of the sodium nitrate grouping. The length of the edge of the original 
(cleavage) construction cell is aoj the edge of the unit rhombohedron is a2. 


Assuming that the s ymm etry of atomic arrangement is that of 3Di 
and taking the fundamental lattice to be rhombohedral, two space groups 
remain possible: 3Di — 5 and 3Di — 6. It is found that with a few 
rather weak exceptions all observed first order reflections have too odd and 
one even indices. This points to an approach to a body centered grouping. 
Such a structure would be produced from 3Di-5 by giving the sodium 
(or nitrogen) atoms the coordinates uuu and utiu, where u == =*= i; the 
nitrogen (or sodium) atoms would occupy the two geometrically unlike 
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positions 000 and This arrangement based upon 3Di— 5 is rendered 

improbable by the fact that it would associate six oxj-gen atoms equally 
with each nitrogen atom; on account of the consequent destruction of the 
NOs group of atoms, the space group 3Di-5 is then discarded in favor 
of3Di-6. 

The following arrangements can be deduced from 3Di— 6: 

Nitrogen atoms: 000; iff, 

Sodium “ iii; Hi 


Arrangements [q] and [q']: Nitrogen and sodium atoms as above, [q]; 
or interchanged [q']. Oxj'gen atoms at iff; |fi; ill; ill; ill; Hi 
Calculations of the structure factor of these arrangements show that they 
should give no two even and one odd effects in the first order. Since such 
reflections are found these groupings are impossible. 

Arrangements [r] and [r'j: Nitrogen and sodium atoms as above, [r]; 
or interchanged [r']. 

Oxygen atoms: uuO; uOu; Ouu; | — u, u + §, 


i; u + I, 


I) 


I - u; 


§, I - u, u + i 

The existing data probably do not permit a conclusive experimental 
decision between [r] and [r'] because the nitrogen and sodium atoms 
are not enough different in scattering powers. Grouping [r] is nevertheless 
assumed to be the correct one in order to preserve the nitrate group of 


atoms. 



Fig. 189. — The unit rhombohedron of the sodium nitrate, or calcite, grouping of atoms 
[r]. The sodium atoms are represented by ringed circles; the nitrogen atoms are 
shown as large, the oxygen atoms as small, black circles. 


The spectrometer reflections (1914y 12) are said to indicate that u is 
close to Studies of Laue reflections to which only oxygen atoms 
were contributing led to the same position through comparisons of the 
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variation of the structure factor (see page 217 and Figure 145) with 
changes in u; no evidence could be found for a deviation from exactly 
Uq = 0.25. 

This atomic arrangement is the geometrically simplest one which can 
account qualitatively for all obtainable diffraction data. Its unit cell is 
shown in Figure 189. The length of the edge of the unit rhombohedi’on 
containing two molecules is a 2 = 6.320A°; the equal angle ^ between its 
axes is at — 48° 6'. This structure may be conveniently pictured as a 
sodium chloride grouping (Figui’e 167) in which nitrate groups replace 
chlorine atoms and which has been compressed along a trigonal axis normal 
to the plane of the nitrate groups (Figure 190). 



Fig. 190. — The construction cell (A of Fig. 188) of the sodium nitrate structure shown 
the positions of the nitrogen and sodium atoms and the similarity between tJ 
arrangement and the sodium chloride grouping of Fig. 167. 

Sodium Chlorate, NaClOz (im, 37, 61; 1922, 93, 101; 1928, 52,^ 
56 ). — Crystals of sodium chlorate are isotropic and therefore cubic. T/ 
face development and the phenomena of circular polarization which J 
exhibit definitely establish their symmetry as that of the point grox: 
Spectrometer observations {1921, 37), powder photographs 
1922, 93; 1923, 52) and Laue photographs {1923, 55) have all been st ^ 
The spectrometer measurements are reliable because care was ta^ 
eliminate interfering reflections from other faces than the one, 
examination. These data combined with the density show that 
there is no evidence to indicate that m is greater than four. * ’ 

The presence of odd orders of reflection from planes with t 
and one odd, two odd and one even and all odd indices shows . ^ 
fundamental lattice is the simple cubic The two 
groups developed from this lattice are T— 1 and T”4. 

^ These dimensions are incorrectly stated in reference {19W, ^ggestecj 
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effects from atoms in general positions of these two space groups are dis- 
tinguished (Table III of Chapter VII) only by the absence, for T-4, of 
odd order reflections from the plane (100). No (100) odd order spectra 
were observed and it consequently has been concluded that the corre- 
sponding space group is T— 4. t /-in • v 

The following atomic arrangement of four molecules of NaClOa is the 

only one possible from this space group: 

Sodium atoms: [4f] uuu; u -j- 4 — u, u; u, u ^ — u, ^ — u, u, 

u + 

Chlorine “ Arrangement [4f] with a different value of u, 

Oxygen “ [T-4, 12] xyz; x + |, i - y, z; x, y + i, 4 - z; 

i - X, y, z + i; 

zxy; z, x + h i-y> I “ x, y + i; 
z + 2 - X, y; 

yzx; I — y, z, X -f i; y -f I, i — z, x; 
y, z -f I, I — X. 

The five independent and variable parameters possessed by this 
'grouping scarcely permit of a systematic investigation of the atomic 
(Jjositions. Nevertheless several coordinate sets have been suggested as 
arossibilities. One (19B1, 61 ; 192S, 52), based upon powder measurements, 
asps these values: 

UNa = 0.083 = 1/12; ua = 0.417 = 5/12; x = 0.50 = y = 0.417 
= 5/12; z = 0.306 = 11/36. 

,h an arrangement groups three oxygen atoms about each chlorine atom 
thus permits the existence of a chlorate group; the resulting distance 
'een a chlorine and an oxygen atom ( ± 0.9 1A°) is, however, much 
ban might be expected from other knowledge of interatomic dis- 
s. On the basis of the spectrometer measurements (19B1, 37) a 
ihat different distribution is suggested: 


iiNa == 0.08; uq = 0.43; x = 0.30; y = 0.59; z = 0.47. 


be observed that the positions of the sodium and chlorine atoms 
ticaUy the same in the two cases; as the unit cells of Figure 191 
^^fr] ^ considerable difference in the arrangement of the oxygen 

shown as Both structures account fairly well for the observed reflections; 
terest to remark that the somewhat better fit supplied by the 
The spe^ctrometer) set of coordinates occurs for those reflections which, 
close to 1^.: same absolute values of h, k and 1, give inseparable powder 
were contrib Laue photographic measurements {19B3, 55) agree with the 
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general outlines of these structures; they have been made the basis for a 
set of coordinates practically identical with the preceding one (1921, 37): 

UNa = 0.071; Uci = 0.429; x = 0.301; y = 0.593; z = 0.473. 

Still another atomic distribution has been suggested on the basis of powder 
data (1922, 93). For this arrangement the variable parameters are: 

UNa = 0.056; uq = 0.408; x = 0.608; y = 0.639; z = 0.500. 

The chlorine positions in this last structure are practically the same as in 
the three preceding ones and the sodium atoms are not very differently 



Fig. 191. — ^Unit cubes of the sodium chlorate structure illustrating the atonaic positions 
chosen by two different investigators. The sodium atoms are represented by ringed 
circles, the cMorine atoms by large and the oxygen at ms by smaU black circles. 
It will be noted that the axes of reference are different from those used in most of 
the figures of this book. 

located. The grouping of the oxygen atoms is, however, unlike that in 
the other arrangements. It should be noted that the intensity estimations 
are not the same for the two powder investigations (1921, 61; 1922, 93). 

From the foregoing it seems likely that the positions of the chlorine 
and sodium atoms have been approximately found. It would, however, 
hardly appear feasible at present to determine uniquely the atomic posi- 
tions of oxygen. 

An attempt to calculate quantitatively the optical rotatory power 
using one (1921, 61) of the above sets of parameters was not successful 
(192S, 46). 

The length of the edge of the unit cube containing four molecules has 
been determined to be: ao = 6.55A° (1921, 61; 1923, 52); 6.56A° (1921, 
37); and6.58A° (1922,%^). 

Sodium Bromate, NaBrOz . — The crystal structure of NaBrOg has been 
investigated using spectrometer data (1921, 37) and powder photographs 
(1921, 61; 1922, 93; 1923, 52). The measurements are entirely analogous 
io those from NaClOs and lead by the same course of reasoning to the 
^'sodiurn chlorate arrangement'^ [tf ; T— 4^ 12]. Two sets pf suggested 
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parameters for sodium and bromine are similar and almost the same as the 
probable values for the chlorate. The conditions for the determinations 
of the oxj'gen parameters are not so favorable as in sodium chlorate be- 
cause of the proportionately great effects of the bromine atoms; conse- 
quently still less value can attach to the assigned quantities x, y and z for 
NaBrOs- These two sets of parameters are: 

Un= = 0.083 = 1/12; Ugr = 0.417 = 5/12; x = 0.50 = i; y = 0.417 
= 5/12; z = 0.306 = 11/36 (the same as for NaCIOs, 1921, 61; 1923, 52) . 

UNa = 0.09: Ub. = 0.41; x = 0.30; y = 0.60; z = 0.47 {1921, 37). 

Another set of coordinates (1922, 93) with UNa = 0.06, UBr = 0.408 and 
X, y and z different from either of the preceding has also been proposed. 

The length of the edge of the unit cube containing four molecules has 
been given as ao = 6.70A° (1921, 61; 1923, 52); 6.71 A° (1921, 37) and 
6.72A° (1922, 93). 

Barkan Nitrate, Ba{NOs)%.—The: results of the study of atomic ar- 
rangement in this isotropic crystal introduce a dif&cult crystallographic 
problem. Investigations of their external symmetry have placed crystals 
of Ba(NO »)2 in the tetartohedral class T. Thus positive and negative 
tetrahedrons are distinguished, though they are usually about equally 
developed. It has been said ‘ that the two tetrahedrons can be distin- 
guished by their pyroelectric properties; on the other hand no piezo- 
electric effects could be observed and the crystals have never been made 
to show the phenomena of circular polarization. 

Laue and spectrum photographic data (1917, 16), which have not been 
published in detail, and powder measurements (1922, 92) seem to point to 
a structure with pyritohedral (Ti) rather than tetartohedral (T) symmetry. 
The conflict between these symmetry results is sufficiently marked and 
the data upon which they are based are, at least potentially, so rich that 
additional crystallographic and structural studies must be made in order 
either to reconcile this difference or to establish definitely a conflict be- 
tween crystallographic and structural symmetries more serious than any 
thus far encoimtered. 

Laue photographs show a distinct hemihedry so that the symmetry of 
atomic arrangement must be that of either T or Ti. Both the powder 
data and the unpublished spectrographic reflections show that m/n® = 4; 
and there is no evidence from any source to indicate that m is greater 
than four. First order reflections are found from planes with two odd 
and one even, two even and one odd, and all odd indices so that the fun- 

1 W. G. Hankel, Leipziger Abh. U, 482 (1899). 
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damental lattice must be the simple cubic To. A distinction between 
such tetartohedral and pyritohedral space groups can be made from a 
study of planes with one index zero (Table III, Chapter VII). For this 
purpose powder measurements are worthless except to confirm the pres- 
ence or absence of odd orders from (100). Laue data have not been 
published but a few observations, made for another purpose, ^ meet the 
demands of the space group Ti- 6 . Only a few [Okl] reflections are 
found in the first order on account of the relatively great scattering power 
of the barium atoms. A larger number of such spots would be present 
in photographs of strontium or calcium nitrates, and any uncertainty 
which may now exist concerning the choice of Ti — 6 could be met by a 
study of these crystals. 

Taking the corresponding space group of barium nitrate as Ti — 6 and 
knowing that four molecules are contained within the unit cube, reference 
to the results of the theory of space groups (1922, 111) proves that the 
atoms within the unit cube must have the following coordinate positions: 

Barium atoms: [4b] 000; MO; OMl 
Nitrogen atoms: [ 8 h] (see page 330), 

Oxygen atoms: [Ti— 6 , 24] (see page 331). 

There are thus four variable parameters in this crystal structure. On the 
basis of the Laue data it has been said that the following positions are 
approximately, but only approximately, the correct ones: Un = J, x = J, 
y = z = 0 ; it can, however, be shown that considerable variations 
from these parameter values are possible in view of the non-quantitative 
character of the knowledge of scattering. The powder photographic 
observations have been used to give definite positions to the nitrogen and 
oxygen atoms; the results of similar measurements upon the chlorate and 
bromate of sodium seem to demand the conclusion that such powder data 
are not now capable of establishing with any approach to certainty the 
correct positions of all of the atoms in such a crystal as barium nitrate. 

It is a necessary consequence of the geometrical equivalence of all of 
the oxygen atoms of this structure [4b; 8 h; Ti— 6 , 24] that the three 
oxygen atoms which presumably are grouped about each nitrogen 9 ,tom 
are aU equally related to it. If as is very probably the case the par^eter^ 
un for the nitrogen atoms (acting as centers of the nitrate groups) is dosq- 
to i, this structure may be pictured as of the fluorite type (Rgure 171^ 
with NO 3 groups replacing the fluorine atoms.^ 

^ From unpublished data by th€f writer. . j Vi '-j 

s This arrangement would be even more closely related to hydrazme dihyd^hionde 
[N 2 H 6 CI 2 ] (Figure 181), if barium atoms are substituted for N^He groups ma Iws groups 
for the chlorine atoms. 
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The length of the edge of the unit cube containing four molecules, 
as deduced from the powder measurements (1922, 92) is ao = 8.11A°. 

Strontium Nitrate, Sr(NO^i. — Crj'stals of strontium nitrate are crystal- 
lographicaUy isomorphous with those of barium nitrate. Powder photo- 
graphs (1922, 92) and Laue photographic data (1917, 16) (not reported 
in detail) are also similar to those from Ba(N 03)2 and lead by the process 
just outlined to the same type of structure [4b; 8h; Ti-6, 24]. In this 
case, likewise, the powder data have been used to propose values for the 
four variable parameters. The length of the edge of the unit cube is 
given as ao = 7.81 A° (1922, 92). 

Calcium Nitrate, Ca(N 03 ) 7 .. Powder data (1922, 92) from crystalline 
anhydrous Ca(N 03)2 resemble those from the other two alkaline earth 
nitrates and suggest that it has the same crystal structure. The length 
of the edge of the unit cube containing four molecules is found to be 
ao = 7.60A'’. 

Lead Nitrate, PKNO^h—Cvystah of lead nitrate have given rise to 
Laue photographs, not described in detail (1917, 16), and powder photo- 
graphs (1922, 92) which are entirely analogous to those from barium 
nitrate; these data lead in the manner described for the barium salt to the 
same type of atomic arrangement [4b; 8h; Ti-6, 24]. The extreme 
weight of the lead atoms makes this case even more unfavorable than the 
preceding ones for estimations of the positions of the nitrogen and oxygen 
atoms. The length of the edge of the unit cube is determined to be 
at, = 7.84A° (1922, 92). 

Hydrates and Ammoniates of Nitrates, Chlorates and Bromates 

ZincBromate Hexahydrate, Zn(BrOz)r6HiO (1922, 105).— Crystals of 
this salt are optically isotropic when grown by slow evaporation; their 
symmetry is therefore cubic. A reflection spectrum from a (111) face 
combined with the known density shows that m/n* = 4. There is no 
evidence from any source that m should be greater than four. From the 
hemihedry of the Laue photographs it is clear that the symmetry of atomic 
arrangement is either T or Ti. The data from these photographs are 
analogous to, but much richer and more conclusive than those from 
Ba(H 03 ) 2 . The same course of reasoning used for that crystal leads to a 
choice of Ti— 6 as the corresponding space group and to the following 
nodification of the “barium nitrate structure”: 

i atoms: [4b] 000; HO; iOi; OH (replacing barium atoms), 

ti^Bicanine atoms: [8h] (replacing nitrogen atoms), 

aiBrcfflaate oxygen atoms: The 24 generally equivalent positions of 
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Water oxygen atoms: [Ti— 6, 24], with different values of x, y 
and z, 

Hydrogen atoms: If the hydrogen atoms were to occupy positions 
agreeing with the crystal symmetry they also would fill two sets of equiv- 
alent positions of [Ti— 6, 24]. 

If atomdc arrangements which place all of the atoms (except those of 
the water groups) along the body diagonal with the formation of bromate 
groups like 0-Br~0~0 or Br-0-0-0 are excluded as not chemically 
acceptable, this atomic arrangement is the only one possible. Any values 
which might be assigned to the seven variable parameters of this structure 
would not be signifiicant. 

It should be noted that all six of the water groups in this crystal are 
equivalent and related in exactly the same manner to each zinc atom. 
Though of course the impossibility of finding the exact atomic positions 
prevents a complete experimental proof, it is probable that this structure 
for Zn(Br03)2*6H20 is, like Ba(N'03)2, a calcium fluoride arrangement 
(Figure 171) with (BrOs) groups in the approximate positions of the 
fluorine atoms and with [Zn,6H20] groups introduced in place of calcium 
atoms. 

The length of the edge of the unit cube containing four molecules is 
found to be ao = 10.31A®. 

Nickel Nitrate Hemmmoniate, Ni{N0z)r6NHz {1922, 109 ). — ^This 
crystalline compound is the same one which has often been described 
as Ni(]SI03)2-4NH3*2H20. It is optically isotropic and consequently pos- 
sessed of cubic symmetry. Spectrum photographs from a (111) face 
combined with the density of this salt prove that m/n^ = 4; none of the| 
data from these or Laue photographs gives reason for believing that nn 
is greater than four. From this fact and the similarity between the chemi- 
cal compositions of Ni(N03)2'6NH3 and Zn(Br03)2-6H20 it might be 
expected that the two would exhibit the same type of atomic arrangement. 
Nevertheless the Laue photographs showed no observable hemihedry /and 
only reflections with aU odd indices were found in the first order reg;ion. 
These are the experimental characteristics of photographs from NiCh • flNHa 
rather than Zn(Br03)2*6H20 and they seem to show that Ni(N03)2-fiNH3 
is built upon a face centered rather than a simple cubic lattice. /J this 
conclusion were accepted a course of argument similar to that Uhed for 
NiCh'flNHs (see page 334) would lead to the latter type of structure J 
In such an arrangement the nitrate oxygen atoms would have tlie cooy 
dinate positions of [24a] or [24c]; in dther case the nitrate group woip, 
be destroyed. This result appeared so improbable from a chemical sta^® 
point that an effort was made to see whether a more acceptable struci 
based upon a simple cubic lattice but approaching a face centered' 
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could be found. Such an arrangenaent, developed from Ti- 6 , is as 

follows: 

Nickel atoms: [4b] 000; Oil; |0|; ||0; ^ 

Nitrate nitrogen atoms: [8h], if Un is near i, 

Ammonia nitrogen atoms: The 24 generally equivalent posrfcions of 
[Ti- 6 , 24], -with Xn, Yn and Zn close to Vn, 0 and 0 respectively. 

Oxygen atoms: [Ti-6, 24], with Xo, yo and z© near to J, i, and Vq. 
Hydrogen atoms: As usual the positions of the hydrogen atoms are 

indeterminable. , 

Trial with the usual intensity expressions indicates that Vn and v© can 
vary considerably from i and 0 before conflict with the data is observable. 
It can also be shown that no other pyritohedral structure and apparently 
no holohedral grouping developed from a simple cubic lattice will fit the 
observations. This atomic arrangement is then a possible -one for 
Ni(NOs)2-61SrH3. Besides preserving the nitrate group it has that degree 
of probability which arises from its similarity to the arrangement in the 
better estabhshed alkahne earth nitrates and Zn(Br 03 ) 2 * 6 H 20 . 

It differs from the structure for NiCb-eNHs ^ (Figure 184) in two 
respects: the nitrate groups in replacing the chlorine atoms wiU not be 
situated at the centers of the small cubes having the volume of one eighth 
of the unit; and the ammonia groups around the nickel atoms of 
NiCN 03 )a* 6 NH 3 need not lie on the coordinate axes passing through these 
atoms. 

The unit cube containing four molecules is found to have a length 
of edge: ao = lO.flOA®. This study of structure illustrates some of the 
pitfalls that would be encoimtered in a purely routine interpretation of 
-jjthe usual diffraction data. 

Carbonates 

o. 

^.Calcite, CaCOi (im, 12; 1915, 1; 1919, 32; 1920, 63; 1923, 63).— 
The®- calcite modification of CaCOs is one of the most extensively studied 
of al^l crystals. Two sets of spectrometer measurements and two separate 
stud?* 3 s using Laue photographs have been recorded. Crystals of calcite, 
like t.' hose of sodium nitrate, are supposed to have the sjunmetry of the 
rhomb^^iohedral point group SDi; they also possess practically the same 
wangle h^petween rhombohedral axes: ao = 101° 55'. The diffraction effects 
t|nm tl'pese two crystals likewise are of exactly the same character and 
l^'d byl the reasoning outlined for sodium nitrate to the same type of 
^babl^. structure, with calcium atoms replacing sodium atoms and carbon 
^ring .^in place of nitrogen (Figure 189). 
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There is, however, a disagreement in the values that have been as- 
signed to u, the parameter defining the positions of the oxygen atoms. 
Making use of the usual ^'laws” of scattering, the original spectrometer 
observations (1914, 12) led to Uq = 0.30; more recent and accurate ones 
(191S, 1) are said to give Uq = 0.25. The same higher parameter value 
(uq = 0.30) has been chosen as a result of a similar quantitative applica- 
tion of the scattering 'Taws” to Laue data (1919, 32). The other study 
with Laue photographs (19B0, 63) has made use merely of the presence or 
absence of first order reflections with either all odd or two even and one 
odd indices. Such reflections are due only to oxygen atoms and therefore 
do not involve any assumption concerning the relative scattering powers 
of different kinds of atoms. Furthermore in employing only the presence 
or absence of reflections merely the most qualitative use is made of the 
postulate of the decline of intensity with spacing. For these reasons this 
last determination of oxygen positions is open to less question on theoretical 
grounds. Its results agree with the more exact spectrometric observations 
in placing Uq close to 0.25. Most of the reflections fitted about equally 
well two regions, one about 0.25, the other around 0.30; but a few data 
were foimd which excluded the upper region. It is of interest to note that 
calculations (19W, 21a) of intensities based upon quantitative use of the 
'Taws” of scattering show conflicts with both regions. 

A choice between possible arrangements [r] and [r'] (see page 348) is 
most conveniently made from the relative intensities of the spectrometer 
reflections from the basal plane (111). In eliminating [r'] they result 
in the following probably correct arrangement for the atoms in calcite: 

[r] Carbon atoms: 000; 

Calcium " Hi; Ilf, 

Oxygen “ uuO; uOu; Ouu; i — u, u + i, i; n + h h 
I — u; I, J u, u + I, where the most probable value for u is very close 
to 0.25. 

The spacing between physically like atomic planes parallel to the 
cleavage face [(100) according to the crystallographic ax^] is one of the 
two fundamental wave length standards. It is commonly taken ^ to be: 
dioo/u = 3.028A°. The length of the edge of the unit rhombohedron 
(Figure 189) containing two molecules is then a 2 (Figure 18^) = d.SeOA"^; ^ 
the angle between its axes isaa = 46® 6'. The construction cell having, 
the shape of the cleavage rhombohedron and containing four chemical 
molecules is shown in Figure 190; as stated during the discussion of 

1 See, for instance, W. Duane, Bull, Nat. Research Council I, No. 6 (1920). 

® In one discussion (19B0, 6S) the absolute dimensions of the unit cell were incorrectly 
stated for calcite, and also for the manganese and ferrous carbonates. 
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sodium nitrate this illustration brings out more clearly the fact that 
the calcite structure can be pictured as a sodium chloride grouping (Figure 
167) of calcium atoms and carbonate groups which has been somewhat 
compressed along a three-fold axis. 

Rhodochrosite, MnCOz {1914, 1^; 1920, Crystals of MnCOs have 
symmetry properties which are very similar to those of calcite. Spectrom- 
eter {1914, 12), spectrographic and Laue photographic {1920, 63) obser- 
vations lead by a procedure identical with that outlined for sodium nitrate 
and calcite to the same type of probable atomic arrangement (Figure 189). 
The early spectrometer measurements {1914, 12) indicated that the oxygen 
parameter uq was greater than 0.30; but the Laue data {1920, 63) treated 
in the same way that was used for one investigation of calcite give Uq = 0.27. 
This second value seems to be the more probable. The length of the edge 
of the unit rhombohedron containing two molecules (Figure 189) is a 2 
(Figure 188) = 5.836 A°; the angle between its axes is == 47° 45'. 

Siderite, FeCOz {1914, 12; 1920, 68 ). — Crystals of ferrous carbonate 
are crystaUographically isomorphous with those of MnCOs. The Laue 
photographs {1920, 63) to which they have given rise, though much poorer 
than those from MnCOa, are scarcely distinguishable from them. These 
photographs and the spectrum photographs that have been prepared 
yield the type of atomic arrangement displayed by these other carbon- 
ates [r]. The similarity in the Laue data from these two crystals is such 
that Uq probably is near to 0.27. 

The length of the edge of the unit rhombohedron containing two mole- 
cules (Figure 189) is found to be a 2 (Figure 188) = 5.822A°; the angle 
between its axes is, like that of manganese carbonate, = 47"° 45'. 

Dolomite, CaMg{C0^2 - — The question of whether dolomite is a solid 



Fro. 192.-— Pmts of Laue photograplis of calcite (A) and dolomite (B) taken with the 
incident X-rays nearly normal to cleavage faces The lower symmetry of the 
aolomite pattern is evident. 
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solution of calcium and magnesium carbonates or a definite compound of 
the two has been widely discussed. Lane photographs ^ (Figure 192) 
show a hemihedry which, in giving a symmetry to this crystal lower than 
that of either magnesium carbonate or calcite, proves it to be a distinct 
crystalline species. Except in the characteristics introduced by this 
hemihedry, the Laue data closely resemble those of calcite and when 
taken in connection with the spectrum photographs they point to the 
same kind of a unit rhombohedron. This unit contains one molecule 
of CaMg(C03)2. The Laue photographs show that the symmetry of 
atomic arrangement is either 3C or 3Ci; there is no crystallographic evi- 
dence for the former. Assuming the symmetry to be that of 3Ci and 
admitting the existence of CO3 groups, the atomic arrangement within 
the unit (Figure 193) must then be: 

[s] Calcium atom: 000, 

Magnesium atom: |||, 

Carbon atoms: uuu; iiuu, 

Oxygen atoms: xyz; zxy; yzx; xyz; zxy; yzx. 

No attempt has been made to assign values to these four variable pa- 
rameters, Nevertheless this structure can undoubtedly be looked upon as 
like that of calcite with half of the calcium atoms replaced by magnesium 
atoms; the carbonate groups, however, need not have the same shape as 
in calcite, nor will they be related in exactly the same way to the calcium 
and to the magnesixim atonos of CaMg(C 03 ) 2 . 



Fig. 193, — The unit rhombohedron of the dolomite arrangement [s] showing the posi- 
tions of the calcium (ringed circles), magnesium (annulus) and carbon (black circles) 
atoms. The position of the carbon atoms on the body diagonal of this unit is not 
determined. 

^Except for a single spectrometer measurement upon a (111) face (19t4, 12), data 
by H. E. Merwin and the writer (as yet unpublished) form the basis for these results 
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The length of the edge of the unit rhombohedron (Figure 193) con- 
taining one molecule has been found to be (Figure 188) = 6. 022 A ; 
the angle between its axes is = 47® 7'. 

A study has also been made of an iron-bearing dolomite which has the 
approximate composition: 70% CaMg(CO3)2*30% CaFe(C 03 ) 2 . Laue 
photographs give data entirely analogous to those from pure dolomite 
and yield the same probable atomic arrangement [s]. This mineral can 
thus be considered as a dolomite in which about 30% of the magnesium 
atoms are replaced through solid solution by atoms of ferrous iron. It is 
remarkable that the absolute dimensions of the unit rhombohedron of 
this crystal are the same, within 0.2%, as those of the iron-free dolomite. 

Silicates 

Olivine, (Mg,Fe) 2 SiOA {1921, f^).— Spectrum and Laue photographic 
data have been obtained from this orthorhombic crystal. In the specimen 
studied the ratio of magnesium to ferrous iron was about six to one. Very 
voluminous Laue data were recorded but little use was made of them 
in the subsequent study of atomic arrangement. It was thought that 
secondary reflection spectra establish the probable space group as 2 Di— 16. 
A unit corresponding to the usually chosen axial ratio was used but no 
effort seems to have been made to show that it agrees with all attainable 
experimental data. In view of this apparent failure to determine at least 
the simplest possible unit cell, little significance can be attached to the 
results of this study. 

Garnet, {1917, J5).— Crystals of garnet have the composition 
R 3 "R 2 "'(Si 04 ) 3 , where R" and R'" are various di- and tri-valent metallic 
elements. Spectrum and Laue photographic measurements have been 
made upon an iron-manganese aluminum garnet but the experimental data 
have never been published in detail. The spectrum photographs are said 
to show that m/n^ = 1; the Laue photographs indicate that m = 8 and 
that the corresponding space group is Oi— 10. If this is true then the 
atomic arrangement must be one of the following {1922, 111): 

R'" atoms: [16h] or [16i], 

R" [24v] or [24w], 

Si “ [24w] or [24v], 

O The generally equivalent positions of Oi— 10 [Oi— 10, 

96], two sets of [48m] or [48n], or three sets of [32f]. 

The available data do not permit of a decision between these possible 
groupings, A more thorough knowledge of this structure would undoubt- 
edly throw valuable light upon the nature of silicates and to this end a 
more extensive study of the garnets is to be desired. 
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The length of the edge of the unit cube containing eight molecules of 
Rs'^Alg (8104)3, where R" is about two thirds ferrous iron and one third 
manganese, is given as ao = 11.40A®. 

Sulfates, Molybdates, Tungstates, etc. 

Alkali Sulfates . — Spectrometer observations (1916, 21) have been 
carried out upon crystals of the isomorphous series of the sulfates of 
potassium, ammonium, rubidium and cesium. These measurements were 
pndertaken primarily to test the hypothesis of valency-volume. They and 
many other diffraction data conclusively discredit this hypothesis. The 
spectrometer data in themselves are inadequate for the determination 
of atomic arrangement in these orthorhombic crystals and have not in 
fact been seriously applied to this purpose. 

Powder photographs" 84) have been prepared from ammonium 
and potassium sulfates and from a solid solution of the two. No numerical 
data, however, have been published. 

Silver Molybdate, Ag2MoO 4. (1922, 110 ). — Crystals of silver molybdate 
are isotropic and therefore cubic. Spectrum and Laue photographs yield 
data which are similar to those from K2Zn(CN)4 and lead by the steps 
outlined for this cyanide to the same type of structure. The manner of 
atomic arrangement for this crystal must therefore be (1922, 111): 

Molybdenum atoms; [8f], 

Silver “ [16c], 

Oxygen [32b]. 

The relatively great scattering powers of the silver and molybdenum 
atoms prevent an accurate placing of the oxygen atoms; it is never- 
theless possible to show that Uo can scarcely lie outside of the limits 
0.34 < u < 0.40 and that it probably is close to 0.37. 

The length of the edge of the unit cube containing eight molecules 
(Figure 186) is found to be ao = 9.26A°. 

Scheelite, CaWO^ and Wulfenite, PbMo04 (1920, 20 ). — Spectrometer 
data have been obtained from various faces of these two tetragonal crys- 
tals. Such measurements and their treatment do not seem sufficient 
to determine the atomic arrangement in these crystals with any degree of 
certainty. Reproductions of unanalyzed Laue photographs have also 
been published (1916, 14). 

Alums (1914) ^<5; 1918, 21, 27; 1923, 96 ). — The formula of these cubic 
crystals is R'R'" (X04)2* I2H2O, where R' may be potassium, ammonium, 
rubidium, cesium or thallium; R'^' is one of such trivalent atoms as alum- 
inum, chromium, iron, gallium, etc., and X is either sulfur or selenium. 
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Spectrometrie observations {1918, 27) have been carried out upon 
KA1(S04)2-12HA NH4A1(S04)2-12H20, NH4Fe(S04)2-12H20 and 

KCr(S04)2 • I2H2O. Laue and spectrum photographic studies {192S, 96) 
have also been made upon the first two. The reflections from single faces 
show that m/n® = 4; there are no evidences that m is greater than four. 
The Laue photographs exhibit a marked hemihedry so that the symmetry 
of atomic arrangement must be that of either T or Ti. From the presence 
of first order reflections with all odd, two odd and one even and two even 
and one odd indices it is clear that the fundamental lattice is the simple 
cubic Fj. A distinction between the possible space groups can be made 
from a study of odd order reflections with one index zero. It is found 
that the requirements of the space group Ti— 6 are completely met. 
Reference to the results of the theory of space groups {1922, 111) indicates 
immediately that the atoms in the alums must occupy the following 
positions: 

R' atoms: [4b], OOO; |J0; i0|; Of^, 

R'" " [4c], m-, OOJ; OiO; §00, 

X “ [8h], 

“Sulfate" oxj'-gen atoms: Eight atoms at [8h], with Uq ^ ux, and 24 
itoms in the generally equivalent positions of [Ti— 6, 24]. 

Hydrate oxygen atoms: Two sets of atoms in the positions [Ti— 6, 24]. 

Water hydrogen atoms: If these hydrogen atoms were to occupy 
positions which conform to the symmetry of the crystal as a whole they 
vould lie in four sets of [Ti— 6, 24]. 

Inasmuch as there are 11 variable parameters, excluding those govern- 
ng the hydrogen positions, no attempt can profitably be made to define 
he coordinate values for any except the metal atoms. The arrangement 
f these atoms within the unit cube is shown in Figure 194. 

It win be noticed that three of the oxygen atoms in the sulfate group 
re geometrically alike but different from the fourth and that the water 
xygen atoms fall into two groups of six each. These groups of water 
lolecules are most readily imagined as arranged one about each metal 
tom. 

The lengths of the edges of the unit cubes containing four molecules 
ave been found to be {1918, 27): 


Crystal ao 

KA1(S04)2-12H20 12.08A“ 

NH4A1(S04)2 • I 2 H 2 O 12.00 

NH4Fe(S04)2-12H20 12.14 

E:Cr(S04)2-12H20 11.93 
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The attempt to find coordinates to express the manner of arrangement 
of the ammonium hydrogen atoms in the ammonium alums introduces an 
important (iij3S.culty (19^3, 96). The only way of placing 16 hydrogen 



h 


Fig, 194. — The unit cube of the atomic arrangement in crystals of the alums. The 
alkali metal atoms are represented by large black circles, the trivalent atoms by 
ringed circles and the sulfur (or selenium) atoms by small black circles. The param- 
eter u stating the positions of these suHur atoms is not deter m ined; neither can the 
location of the oxygen atoms be shown. As long as the value of u is not defined an 
interchange of the positions of the uni- and tri-valent atoms would not be significant. 


atoms within the unit cube divides them into two sets in positions of 
[8h]. The resulting ammonium groups (Figure 195), in which the hydro- 
gen atoms are no longer directly associated with a central nitrogen atom, 
are chemically improbable. The simplest escape from the difficulty thus 
introduced lies in the assumption that the ammonium group functions 
crystallographically as well as chemically as a single entity and that its 
hydrogen atoms need not therefore occupy positions which conform to 


Fig. 195. — If their atoms occupy positions which conform^ to the S3umnetry of the 
crystal as a whole, the ammonium groups of the ammonium alums must have the 
form shown in this figure. 

the demands of the crystal symmetry. This hypothesis probably cannot 
be directly tested either optically or with X-rays because it is unlikely 
that the hydrogen nuclei are centers of electron motions. The greater 
simplicity that results from an application of this assumption to the 
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structures of the ammonium halides has been suggested (page 210); 
further experimentation wiU show whether its use is required for other 

cry st £l1s. 

The apparently erroneous spectrometer measurements (1918, 27) upon 
these alums and the probable cause of the spurious reflections there 
encountered have already been mentioned (see page 172). 

Borates, Aluminates, Ferrites, etc. 

Tourmaline (1921, d3).-Many Laue and spectrum photographic data 
have been published for a tourmaline of unknown chemical composition. 
The spectrum measurements are thought to show that the underlying 
lattice is hexagonal. They have also been used to suggest both a unit 
cell and possible corresponding space groups. The mass associated with 
the unit could not be given (in the absence of a knowledge of the compo- 
sition) and no atomic arrangement can be even proposed. 

Spinel, MgAWi- — Spectrometer (1915, 2), spectrographic and Laue 
photographic (1915, 17) observations have been made upon this cubic 
crystal. These data are similar to the measurements from crystals of 
K 2 Zn(CN )4 and by the reasoning outlined for such crystals will yield 
the same type of structure. In the unit cell (Figure 186), which hence 
contains eight molecules of MgAl 204 , the atoms occupy the foUowing 
positions: 

Magnesium atoms: [8f], 

Aluminum “ [16c], 

Oxygen “ [32b]. 

The parameter u for oxygen is found to be close to 0.37 (as for the rest 
of the crystals having this structure). No X-ray determination of the 
length of the edge of the unit cube has been carried out. 

Magnetite, Fe^i—Yowdei photographs (1922, 43), as well as Laue 
photographs (1915, 17) and spectrum measurements (1915, 2), are avail- 
able for Fe 304 . The data are similar to those from spinel and K2Zn(CN)4 
and lead to the same type of structure. The atomic arrangement then is 
given by (Figure 186) : 

Ferrous iron atoms: [8f], 

Ferric iron “ [16c], 

Oxygen “ [32b]. 

The parameter u for oxygen is close to f. The length of the edge of the 
unit cube containing eight molecules is stated (1915, 2) to be ao = 8.30A°. 

Other Members of the Spinel Group. — Spectrometer measurements 
(1915, 2) from a single face of gahnite (ZnAlaO*) are sunilar to those from 
magnetite. Powder photographs (1922, 43) from C 03 O 4 are similar to 
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those from magnetite. No determination of the length of edge of the 
unit cube has been made in either of these cases. 

Chalcopyrite, FeCuS^i, — Spectrometer {1917, 2) and Laue photographic 
{1923, 43) measurements have been made from this tetragonal crystal. 
They show that a unit cell containing two molecules is possible if it has 
the following dimensions: 

ao == 5.23A°, Co = 5.15A°, corresponding to the usually chosen axial 
ratio a : c = 1 : 0.985. Without a discussion of the other arrangements 
which are in accord with the observed symmetry (of which there are 
many) it has been considered {1923, 43) that the following is in agreement 
with the experimental data (see space group 4d-5) : 

[t] Iron atoms : |0 J ; 0 

Copper atoms: 000; HO, 

Sulfur atoms: JJu; ifu; IJu; ffu. 

The spectrometer data make Us = f; from the Laue measurements Us is 
assumed to be close to 0.21. Inasmuch as quantitative use was made of 
the ^Uaws^^ of scattering (the atomic weight enters into the second estima- 
tion), these values of Ug cannot be taken as accurate in either case. The 
unit cell of this possibly correct structure for chalcopyrite is shown in 
Figure 196. As the figure shows this arrangement can be pictured as a 



Fig. 196. — The unit cell of the chalcopyrite structure [tj. Accorc^g to the description 
in the text the copper atoms are represented by large black circles, the iron atoms 
by ringed circles and the sulfur atoms by small black circles. 

cubic ^'zinc sulfide grouping (Figure 174) slightly distorted by com- 
pression along the c-axis and having half of the zinc atoms replaced by 
iron, the other half by copper atoms. 
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Phosphates 

Xenoiime, YPO ^. — Spectrometer measurements {1916, 32; 1917, 25) 
were made upon YPO 4 at the same time that similar observations were 
carried out upon the related tetragonal crystals rutile, zircon, etc. As is 
true for these other cr}"stals the data upon YPO 4 and their treatment 
are not sufScient for the determination of the probably correct atomic 
arrangement. 

Organic Compounds 

Sodium Hydrogen Acetate, NaHiC^HzO^)^ {1922, Spectrum and 

Lane photographs from this isotropic crystal have been studied. The 
former yield m/n^ = 3. From the Laue photographs and measurements 
of secondary spectra it appears that 24 rather than three molecules are 
contained within the unit cube. The Laue photographs exhibit the 
hemihedry characteristic of either tetartohedral or pyritohedral crystals. 
The only first order reflections found from this larger unit have two odd 
and one even indices; this indicates that the fundamental lattice is the 
body centered T/'. Of the four space groups T— 3, T— 5, Ti--5 and 
Ti— 7 which thus remain as possibilities, Ti— 7 is characterized by 
the absence of odd orders of [Okl], where k and 1 are both odd. Since 
none of these reflections was found though some were in good positions to 
reflect; it is possible that the corresponding space group is Ti-~7. The 
atomic arrangement would in any case be so complicated that it could 
not be established at present. The length of the edge of the unit cube 
containing 24 molecules of NaH(C 2 H 302)2 is found to be ao = 15.98A®. 

It is a matter of some surprise that this crystal should prove to have 
so complicated a structure, especially in view of the fact that what would 
be considered a chemically plausible arrangement can be developed from 
a three-molecule unit. The experimental data were, however, very full 
and perfectly definite and the crystals studied gave every evidence of 
being single individuals. 

Hexamethylene Tetramine, CzHnN'i {1923, 38 ). — The structure of this 
cubic crystal has been investigated with the aid of spectrum and Laue 
photographs. The former, combined with the density, yield m/n^ = 2; 
there is no evidence suggesting that more than two molecules are con- 
tained within the unit cube. The Laue photographs show complete cubic 
symmetry so that the symmetry of atomic arrangement is that of Te, 0 
or Oi. The presence of only reflections with two odd and one even indices 
in the first order region indicates that the fundamental lattice is body 
centered. Of the body-centered space groups giving holohedral diffrac- 
tion patterns, Te—G and Oi— 10 are excluded (see Table III, Chapter 
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VII) by the presence of such first order reflections as 433(1) or 510(1). 
Similarly the second order reflection from (100) eliminates 0—8. In 
general the three remaining groups Te— 3^ 0—5 and Oi— 9 are indis- 
tinguishable. Arrangements developed from the last two destroy the 
physical existence of molecules of C 6 H 12 N 4 ; a grouping arising from Te— 3 
leaves the chemical molecule intact. If it is assumed that such molecules 
actually are present in these crystals then the atomic arrangement in the 
unit ceU of C 6 H 12 N 4 must be as follows: 

Nitrogen atoms: [8a] (see 19^2, 111), 

Carbon [12a]. 

Neglecting values of u^ which bring carbon atoms closer together than 
1 A° and assuming that the scattering powers of carbon and nitrogen 
atoms are proportional to six and seven respectively, parameters which 
qualitatively agree with the spectrum and Laue data have been found to 
be: Uj^ == 0.12, u^ = 0.235. The accuracy of these variable parameter 
assignments depends upon the correctness of the choice of scattering 
powers. 

This arrangement [8a, 12a] happens also to be a special case of the 
simple cubic space group Te— 4. The published determination of struc- 
ture does not eliminate experimentally the non-molecular groupings arising 
from Te-3, 0-5 and Oi-9. The length of the edge of the unit cube 



Fig. 197. — ^The distribution of the molecules of hexamethylene tetramine within its 
unit cube. The carbon atoms are shown as black circles, the nitrogen atoms as 
ringed circles. 

containing two molecules is found to be ao = 7 .02A°, The distribution of 
these molecules is shown in Figure 197. If the hydrogen atoms have 
positions which conform to the crystal symmetry and if the space group 
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is Te-3, rather than Te-4, they will have the arrangement [24g]. 
Such a grouping surrounds each carbon atom with two nitrogen and two 
hydrogen atoms located at the corners, of a tetrahedron (Figure 198). 

Z 


X 


FiQ. 198. — The shape of the molecule of hexamethylene tetramine as determined by a 
study of its crystal structure. Possible positions for the hydrogen atoms are given 
by the open circles. As in the preceding figure carbon atoms are represented by 
black, nitrogen atoms by ringed circles. 

A surprising and disconcerting observation made upon these photo- 
graphs is the absence of any reflections in wave lengths below 0.30A° 
when the original beam contained effective wave lengths down to 0.23A°. 
The experimental observation of these low wave length limits in Laue 
photographs forms probably the best means of selecting between possible 
unit cells in crystals with less than cubic symmetry. If C6Hi2N4 had 
formed crystals with other than cubic symmetry such data as these would 
almost certainly have led to a choice of an incorrect unit. With this fact 
in mind it is clear that an investigation of the causes of this discrepancy 
and the development of an experimental technique for its elimination is a 
necessary prelude to the Laue photographic study of organic and other 
crystals of low s}mimetry. 

Urea, CO{NHi)i {1921, 11; 192S, dO) .—Crystals of urea exhibit tet- 
ragonal symmetry. Eeflection spectrum photographs {192S, 60) have 
been prepared using several simple planes as principal faces and an attempt 
has been made to deduce the structure of urea from a study of the prin- 
cipal and secondary reflections thus obtained. 

From the relative spacings of the first observed reflections from (100), 
(110) and (111) it has been concluded that the fundamental lattice is the 
simple tetragonal F, and that the corresponding unit prism has the dimen- 
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sions ao = 5.63A°, Co = 4.70A° and contains two molecules of CO('lSrH 2 ) 2 * 
It is not entirely clear how unique is a determination of true unit cell based 
upon these data* Assuming its correctness the observed reflections can 
be shown to meet the requirements (1919, 24) of only the space group 
4d“3. In order to preserve molecules of urea the carbon and oxygen 
atoms presumably occupy the two equivalent positions Oju; JOti 
(with Uc 5 ^ Uq) and it is found that all four of the nitrogen atoms must be 
equivalent; probably with the grouping (19^9, 111): 

U; i - U; v; I - U; U; v,* U; u 4“ v; u + i, u, v. 

No determination of the variable parameters can be made. It will be 
noticed that if this structure is correct, the carbon, oxygen and the two 
nitrogen atoms of a urea molecule all lie in one plane. 

Pentaerythrite, CiCH^OH)^ (1921, 11; 1923, d(}cf) .—Crystals of penta- 
erythrite have tetragonal sy mm etry. Using methods of experimentation 
and analysis identical with those employed for urea it is concluded (1923 f 
60a) that the unit tetragonal prism contains two molecules of C(CH20H)4 
and has the dimensions ao = 6.16A°; Co = 8.76A'^. Assuming, in accord- 
ance with crystallographic indications, that the symmetry is expressed 
by the point group 46, it has been found that, for this unit ceU, the space 
group 4e — 9 is the only one (1919, 24) which agrees with the experimental 
data. These data do not, however, seem capable of selecting the correct 
arrangement from among the several which can be deduced from this 
space group. 

Other Organic Crystals, — Diffraction data, for the most part from either 
spectrometer measurements or powder photographs, have been collected 
from a number of other organic substances. In the foregoing it has been 
pointed out that neither spectrometer data obtained in the usual fashion 
nor powder photographs alone are necessarily trustworthy guides to crystal 
structure. Furthermore the unit cells used in these investigations are not 
chosen after the consideration and elimination of other geometrically 
possible ones. For these reasons alone a detailed treatment of these data 
and of the extensive discussions of structure which accompany some of 
them would not be justified. 

Among the crystals studied in this manner may be mentioned: Benzene 
(1923, 25); naphthalene (1921, 11, 19); anthracene (1921, 11; 1923, 17); 
resorcinol (1921, 11; 1922, 18); hydrochinone (1922, 11; 1922, 18); tar- 
taric acid (1921, 11; 1923, 3); racemic acid (1923, 4); benzoic acid (1922, 
18); dibenzyl (1923, 12a); stilbene (1923, 12a); benzil (1923, 12a); tri- 
phenylcarbinol (1923, 12a); mannite (1923, 12a); cane sugar (1923, 12a); 
indigo (1921, 11); succinic acid (1921, 11); quinone (1921, 11); phenan- 
threne (1921, 11); phthalic acid (1921, 11); phthalic anhydride (1921, 11); 
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cinnamic acid (1921, 11); li^^drocinnamic acid (1921, 11); azobenzene 
(1921, 11); hydrazobenzene (1921, 11); lithium oxalate 11); basic 
beryllium acetate (1923, 19); maleic acid (1921, 11); succinic anhydride 
(1921, 11); maleic anhydride (1921, 11); a-methyl glycoside (1921, 11); 
acetylene dicarboxylic acid (1921, 11); oj- and /^-naphthol (1921, 19); 
acenaphthene (1921, 19); lithium formate, proprianate, valerate, hepty- 
late, nonylate, undecylate, acetate, butyrate, caprylate, laureate, stearate, 
isobut;>Tate, isovalerate, trimethjdacetate, crotonate, oleate (1921, 11a); 
lauric, myristic, palmitic, stearic, elaidic acids (1921, 11a); aa distearin 
(1921, 11a). Bata upon triphenylmethane (1923, 12a, 60b, 12b) are 
conflicting. 



chapter XIV. Incomplete Crystalline and 
Non-crystalline Diffraction Phenomena 

The preceding chapters have been devoted to a consideration of the 
diffraction effects obtained through the action of X-rays upon the indefi- 
nitely extended regular grouping of atoms which constitutes a crystal. 
It is also essential to investigate the phenomena arising from the scattering 
of X-rays by the atoms in substances possessing less than this complete 
regularity of atomic arrangement. 

Diffraction effects different from those thus far described are encoun- 
tered (1) from crystals in which the regularity of atomic arrangement is 
for some reason incomplete or imperfectly maintained and (2) from matter 
in other than the crystalline state of aggregation. 

Compared with the diffraction phenomena from complete crystals, 
little is known of these effects; practically no exacting work has yet been 
carried out upon any of them. 

Most of the phenomena to be described are best obtained using mono- 
chromatic radiation according to the powder technique. 

Diffraction Effects from Incomplete and Imperfect Crystals 

It has long been known that poorly constructed crystals and crystals 
which have been subjected to deformations give diffraction effects which 
are unlike the regular '^reflections from atomic planes. The nature of 
some of these has been briefly mentioned in another place (see page 146). 
In sufficiently weU constructed crystals there has never been any difficulty 
in distinguishing these effects from the regular reflections. Partly for this 
reason they have not yet been subjected to any detailed study and no 
adequate theoretical description of them has been offered. 

Amorphous or General Scattering from Crystalline Substances. — 
detailed theoretical treatment {191S, 19, 21) has indicated that increased 
amplitudes of atomic vibration leave the relative positions of X-ray dif- 
fraction effects unaltered but decrease their intensities, the decrease being 
greater the larger the angle through which the X-ray beam has been bent. 
These conclusions have been confirmed in a qualitative fashion by spec- 
trometric observations upon sodium chloride (1914, fi) ^ other 
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crystals {1922, 7) at an elevated temperature and by Laue pbotograplis of 
sodium chloride {191 If., 32) taken at room temperature and at about 300 C. 

Only a general blackening lias been found on a powder photograph of 
metallic potassium {1917, 9) at room temperature. At low temperatures 
(about — 150®C) potassium gives a crystalline diffraction {1922, 58) but 
this pattern is completely lost before the sample has warmed to ordinary 
temperatures. Similarly sodium {1917, 9) at room temperature gives 
only faint lines upon a much blackened field. This has usually been 
interpreted to mean that potassium, and to a lesser extent sodium, are 
difficult to crystallize. Potassium thus would be present as an amorphous 
metal. This explanation conflicts with the sharp melting point found 
for potassium and with the observation that it can be crystallized in 
de fini te octahedrons ^ from the molten state. It seems much more prob- 
able that even at room temperature the amphtudes of the thermal vibra- 
tions of potassium atoms are great enough to obliterate the crystalline 
diffraction maxima. 

The low melting point of this non-molecular metal and the compara- 
tive weakness with which its atoms are bound together, as revealed by 
numerous mechanical properties, confirm this idea. 

From this standpoint the effect of increasing temperature upon the 
X-ray diffraction pattern from crystals might be pictured in somewhat 
the following manner: At a sufficiently low temperature (where the spe- 
cific heat is zero) the atoms will occupy their equilibrium positions and all 
the energy diffracted by them will be devoted to the production of a 
crystaHine pattern. When increase in temperature has resulted in an 
appreciable amplitude of atomic vibration, the phase relationships of the 
scattered X-rays will no longer be completely maintained and there will 
be a consequent loss in the intensity of crystalline diffraction. It may be 
anticipated that if this amplitude becomes sufficiently great compared 
with the wave lengths of the X-rays used, regularities in the phase relation- 
ships of the scattered rays may be destroyed. At low temperatures only 
a few atoms will be possessed of such large amplitudes, but as the crystal 
becomes hotter the general (or amorphous”) scattering resulting from 
them may eventually blot out the crystalline effects arising from the 
diminishing number of low-amplitude atoms. From this point of view the 
pattern of crystalline potassium, for instance, ought to pass with increasing 
temperature from that of a good crystal gradually through one of weakened 
crystalline pattern upon a background of a general blackening to a final 
complete absence of diffraction lines upon this field of greater '' amorphous ” 
scattering. Such a transition has not yet been experimentally established 


iLong, Quart. J. Chem. Soc. 18 , 122 (1860). 
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for a single crystal. It also would be a requirement of this hypothesis 
that the longer the wave lengths used, the higher the temperature at which 
traces of a crystalline pattern could be detected. 

If this explanation of the “amorphous” scattering of crystalline potas- 
sium is correct, then its quantitative development ought eventually to 
supply an experimental method of investigating the amplitudes of atomic 
vibrations in crystalline solids. 

The fact that potassium loses its diffraction pattern at a temperature 
relatively so remote from its melting point brings forward the question 
of whether aU crystals become incapable of producing crystalline diffrac- 
tion patterns before melting. An examination of the diffraction of metallic 
gallium 1 indicates that this is not the case. Gallium gives a pattern, 
accompanied by only a moderate amount of general scattering, at least to 
within 1° C of its melting point. Two reasons suggest themselves for this 
difference in the behavior of metallic potassium and metallic gaUium. In 
the first place there may be no direct connection between the amplitude 
of atomic vibration and the melting point; it would seem more probable, 
however, that some relation does exist between them and that one must 
look for the operation of some modifying influence in the case of gallium. 
The most obvious factor of this sort is the existence of chemical molecules 
within the solid. Thus it is possible that the amplitudes of thermal 
vibration must approach the interatomic distances before melting takes 
place in crystals which do not contain molecules and within which as a 
consequence each atom is held to its nearest neighbors by some sort of 
“ primary valency ” bondings. Whereas in such non-molecular solids all of 
an increase in the energy of thermal agitation contributes towards an 
increase in the atomic amplitudes, in a crystal built of chemical molecules 
this increment of energy would be distributed. Some of it would be 
applied to the atomic amplitudes but much might be expected to produce 
a vibration of the molecule as a whole. Since these molecules are as a 
rule much heavier than single atoms and since they are held together by 
relatively weak bonding forces, it is to be expected that neither their 
amplitudes as a whole nor the amplitudes of the atoms composing them 
will be nearly so great at their melting points as are the amplitudes of the 
atoms in non-molecular crystals. 

If this point of view is essentially a true one a study of the diffraction 
patterns of substances at various temperatures below their melting points 
ought to be capable of furnishing evidence for the existence in crystals of 
molecular associations of atoms. 

A general blackening has also been obtained from metallic crystalline 
1 R. W. G. Wyekoff, J. Wash. Acad. Sci. U, 121 (1924). 
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copper 1 wMch lias been severely polished; it has also been observed that 
crystalline diffraction is given by faces of native copper crystals only after 
they have been etched with acid {1914, 10) . The former observation has 
been offered as a possible indication of the existence of amorphous metal. 
It is imown that the diffraction patterns obtained from distorted crystals 
are no longer clear cut but become increasingly diffuse the greater the 
deformation to which they are subjected. Whether this polishing has 
succeeded in literally tearing copper crystals apart atom by atom with 
the formation of a truly amorphous surface layer of metal or whether it 
has merely strewn the surface with minute deformed crystals of copper, is 
a question that is not answered by this particular experiment. 

X-ray Diffraction Patterns from Crystals of Colloidal Dimensions.— 
The influence of a very minute size of crystals upon their X-ray diffraction 
effects can be indicated by having recourse to the reflection analogy. In 
Figure 69 AO may be imagined to be a beam of X-rays incident upon a 
series of parallel atomic planes the traces of which are ei, ea, es, etc. The 
phase relations existing between the waves reflected by these planes 
depend of course upon the distance apart of the planes, the wave lengths 
of the X-rays and the angle 0 of incidence. When this angle is^such 
that the path difference of the waves reflected by adjacent planes (such 
as ei and ej) equals the length of the X-ray wave (or some integral multiple 
thereof) the reflected waves will reinforce one another and produce a strong 
diffraction effect. If the incident angle has such a value that these waves 
are exactly opposite in phase, then they will destroy one another along 
the direction of reflection. For all other angles, however, the phase rela- 
tionships of the two rays will lie somewhere between these limits of com- 
plete constructive and complete destructive interference. If there is a 
sufficiently large number of these reflecting planes, as is true for large 
crystals, then it will always be possible to find reflections from some pair 
of planes, more or less distant from one another, which are practically op- 
posite in phase. The result from such a large crystal is, as has already 
been seen, a series of sharp diffraction effects. On the other hand, if the 
crystaUine particle is so small that there are not enough atomic planes to 
produce this obliteration of reflections for rays of intermediate phase, the 
diffraction maxima wiU not be sharp but will become wider and more 
diffuse the smaller the crystal. 

The observed width {1918, 24; 1920, 52) of a spectrum line from very 
small crystals depends upon other factors than their size. It will be 
related to the wave length of the diffracted X-rays and the angle of the 
diffraction as well as in a less intimate'fashion to the size of the diffracting 

* Eeported in a lecture by W. Rosenhain; a large amount of scattered radiation 
from a polished surface of a copper tree has also been observed by the writer. 
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sample and the width of the spectrograph slits. Since the absolute width 
of a diffuse line has no precise meaning it has been customary to measure 
the distance from its center to a point where the intensity is half that at 
the maximum. A quantitative expression connecting these various fac- 
tors has been stated for the case of a cubic crystal. This equation has the 
form 

B = 2 A j— (40) 

where B is the half-iiitensity width just defined, X is the wave length of 
the X-rays, D is the length (in A°) of the edge of the crystalline particle 
taken as a cube and 20 is as usual the angle of diffraction. 

Such minute crystals would most naturally be sought amongst the 
chemical precipitates of highly insoluble compounds and in colloidal 
preparations. As yet little work has been done in investigating the size 
and nature of either by this method. A few preliminary observations 
(192B, 41) have shown that some metallic sulfide precipitates contain 
crystals so minute that their diffraction patterns are no longer sharp. 
Both alphaj;- and meta-stannic acids are composed of minute crystals ^ hav- 
ing the same type of atomic arrangement that is exhibited by the mineral 
SnOa (cassiterite). The diffraction patterns of these two stannic acids 
differ only in that the lines from the alpha-form are wider than the ones 
from the other modification. The powder lines of colloidal gold {19B0, 
52) have the same positions as those of a coarsely crystalline precipitate. 
The same thing holds true for colloidal preparations of metallic silver. 

All colloidal preparations do not furnish crystalline diffraction pat- 
terns. For instance no diffraction lines were obtained from a sHiea gel^ 
from which most of the water had been removed by freezing. Prelim- 
inary results from an aged silica gel seem contradictory — one observation 
showing the presence of diffraction lines {1917, 11), the other yielding 
none {1920, 52). Gelatine {1920, 52) also does not give any evidence 
of crystallinity. Bice starch {1920, 52) and cellulose {1920, 51) from 
different sources, on the other hand, show well-defined crystalline patterns. 

The size of particles of colloidal gold {1920, 52) has been estimated 
with the aid of expression (40). The gold preparations used were in the 
form of a dry powder, gelatine being the protecting agent. The measure- 
ments upon the powder photograph of one of these are recorded in Table I. 
K the values of B contained in the fourth column of this table are plotted 
against the corresponding values of 1/cos B, the straight line of Figure 
199 is obtained. It will be noticed that this line does not pass through the 

1 E. W. Posnjak, unpublished data from this laboratory. 

2 E. W* Posnjak, unpublished observations; 
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Table I. Data feom a Powdbe Photogeaph of a Pbepaeation of Colloidal 

Gold 0 . 932 , 52 ) 


IotHCES of IjINB 

6 

l/cos 9 


111(1) 

19.3° 

1.060 

1.36 

100(2) 

22.4 

1.082 

1.32 

110(2) 

32.7 

1.190 

1.30 

113(1) 

39.15 

1.291 

1.40 

111(2) 

41.25 

1.333 

1.40 

100(4) 

49.7 

1.515 

1.45 

133(1) 

56.05 

1.802 

1.60 

120(2) 

58.35 

1.907 

1.50 

112(2) 

68.6 

2.756 

1.94 

115(1) \ 

81.5 

6.29 

3.9 

111(3) 1 




origin as expression (40) would seem to require. This is considered to be 
due to the finite size of the diffracting sample. To correct for this in- 
creased size of the diffraction lines equation (40) is given the form 



Fig. 199. 


B = 2J^A_l_+b 

f TT D COS0 

The a.Ti giTlfl.r (or absolute) value of B is such that 1 mm. upon the film is 
equal to consequently 

B(abs.) = ^ B(mm.). 


The application of the method of least squares to the data of Table I gives 
two constants [using B(abs.) in (40a)] 


■A 


loge 2 X 
T D 


28.5 


• 0.478 and b 


T 
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Taking the wave length of the copper K-alpha line as 1.54A° D then 
becomes 




1.54 X 10-« 
0.0168 


8.62Mfi = 86.2A°. 


This preparation was specified by the maker (Heyden) to have D = 10 mm* 
Since the unit cube of gold (containing four atoms in a face centered ar- 
rangement) is 4.07A° on a side, this particle size is equivalent to that of a 
cube containing 21.2 unit cells on a side: 


D/ao = 86.2 - 4.07 = 21.2. 

Another gold preparation gave D = 18.6A®. A cube of gold having this 
length of edge would contain only 380 atoms. Gold crystals of this size, 
nevertheless, gave a diffraction pattern having lines identical in position 
with those of the macrocrystalline precipitate; but unless a wave length 
longer than the copper K-lines was used, the lines were too diffuse for 
accurate intensity measmements. 

If a colloidal preparation is crystalline and has a uniform size of par- 
ticles, then from the preceding example it is seen that its powder photo- 
graph offers a possible method for the determination of the crystal size- 
If the colloid is one containing particles of a variety of sizes the dimensions 
deduced by this procedure are averages. There are, however, certain 
difficulties in an accurate estimation of particle size in this way which the 
previous outline of method does not emphasize. The chief of these is the 
problem of accurately photometering for the half-intensity width of the 
diffraction lines; this is especially serious for aU but the finest colloids 
because of the comparatively small distances to be measured. The method 
has thus far been applied only to the investigation of powders though 
probably very concentrated suspensions could also be used. The maximum, 
size of particle which can be investigated with profit has not yet been 
ascertained; but it seems probable that this upper limit is set by a cube 
perhaps one to two hundred atoms on a side. This procedure, whatever 
its limitations may prove to be on more extended investigation, should 
furnish a fruitful source of information concerning not only the character 
of different coUoidal substances but also the mechanism of crystal growth 
from solution and from material in the amorphous state. 

A few observations bearing upon this latter question have already 
been made. It has been shown, for instance, that metaUic suMdes when 
precipitated from aqueous solution give no diffraction pattern though the 
sols that can be produced from these sulfides are already crystalline 
41). Aluminum hydroxide, when precipitated in the cold is not crystal- 
line, but in an aged gel or in one wMch has come out of a hot solution the 
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formation of minute crystals has already taken place (lOBS, 41). The 
apparent discrepancies {1917, 11; 1920, 52) in the behavior of aged silica 
gels probably have a similar explanation. Precipitates of the silver halides 
(1922, 41), on the other hand, have not been produced in an amorphous 
condition. 


Table II. A Classification of the Diffraction Phenomena Observed from 
Vaeiotjs Samples of Carbon 


1 . 

Graphite. 

Ceylon. Flaky. 0.1% ash. 

2 . 


Sang Si, China. 

3. 

(t 

Huando, Korea. 

4. 

a 

Crystalline mass of natural graphite (impure). 

5. 

{( 

Ceylon. Crystalline. 

6 . 

i< 

Bohemia. Powder. 

7. 

a 

Artificial. Powder, from Kahlbaum. 

8 . 

it 

Ceylon. Powder. 

9. 

ei 

Artificial. Powder, Acheson. 0.70% ash. 

10 . 

ti 

Korea. Crystalline mass. 

11 . 

ct 

Takashimizu Etchyu, Japan. Crystalline. 


12. Lime Nitrogen Carbon. Powder. 0.67 % ash, 

13. Graphite. Satsuma, Japan. Flaky powder. 0.14% ash. 

14. “ From Kahlbaum. 

15. Carbon, catalytic decomposition of CO by Fe at 400-500°. Fine powder. 

16. Graphite, from gray cast iron. Flaky powder. 

17. from Japanese charcoal pig iron. Flaky powder. Ash less than 


MV 



0 . 2 %. 

18. Temper carbon, from black hearted malleable castings. Powder. ^ 

19. Graphite, Artificial. Process of making unknown. 

20. Retort gas-carbon. Amorphous mass. Ash 0.20%. 

21. Coke. Gas oven. Amorphous mass. Ash 2.23%. 

22. Carbon. By catalytic decomposition of C2H2 (by passing over treated Cu ’ 

and purifying). Sooty powder. 

23. Carbon. By catalyiiic decomposition (see 22} of CS2. Sooty powder, 

24. Sugar carbon. From Kahlbaum. Powder. 

25. “ By charring cane sugar and heating product in Na for four 

hours at 900°C 

26- Charcoal. Magnolia- 

27. Acetylene soot. By incomplete combustion. 

28. Lamp black, commercial. 

29- Sugar carbon. Made’by dropping crystalline sugar into cone. H2SO4; chio- ) 
rinated. Powder. 

30. Sugar carbon. Made by adding cone. H2SO4 to solution of sugar; chlo- 

rinated. Powder. 

31. Charcoal. Bamboo. 

32. ** Magnolia. 

33. Animal charcoal. Amorphous mass. 

34. Colloidal carbon. No, 5, suspended in 1% solution of tannic acid for 6 

days. Allowed to stand 5 days and suspended C collected by centrifugal 
precipitation, ^ 


II 


III 
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A study {1922^ 6) has been made of 34 samples of carbon from different 
sources to determine their crystallinity and the relative sizes of the crys- 
talline particles composing them. All preparations showed one or more 
bands or lines coinciding with the positions of the lines of graphite. Thus 
not any of the carbons were amorphous though in some photographs the 
bands had breadths indicative of extreme minuteness of the crystals. Un- 
fortunately the appearance of the ‘liquid pattern’’ is unknown under the 
experimental conditions of these observations (they were made with 
‘tungsten radiation) and it is consequently impossible to link up the very 
broad bands found from some carbons with this other sort of non-crystalline 
diffraction pattern. Four different types of photographs from these 
carbons are distinguished. To Type I belong those specimens giving the 
sharp powder lines characteristic of crystals very large compared with 
the wave length of the X-rays. The diffraction maxima in patterns of 
Type II are broadened but still plainly distinguishable. Where this 
widening has been carried to the point of ^delding indistinct haloes, the 
pattern is grouped with Type III. In many graphites, presumably due 
to their platy nature, the crystals arrange themselves more or less com- 
pletely under pressure and give rise not to a perfect powder photograph 
but to an approach to the ‘'fibre pattern” (page 406); such materials be- 
long to Type IV. From their nature it wiU he clear that Types I, II and 
III grade by degrees into one another. A sequence of these carbon sam- 
ples in the order of decreasing sharpness of their diffraction effects is 
shown in Table II. 

The Diffraction Effects from ‘‘Semi-crystals.” — ^A crystal is built up 
by the parallel and indefinitely extended repetition of its unit cells. A 
solid in which the units have a perfectly haphazard arrangement with 
respect to one another is '‘amorphous.” Various types of regularity 
between these extremes can be imagined. By “semi-crystals” are to be 
understood these hypothetical — or real — sorts of groupings. Preparations 
like the anisotropic silica and alumina obtained by the careful decompo- 
sition of various minerals seem to show the actual existence in nature of 
“semi-crystalline” substances. Possible types of this partial regularity 
are illustrated in Figure 200, For simplicity it is assumed that the con- 
struction unit, which in many cases can be taken as the chemical mole- 
cule, has the shape. of an elongated rectangular prism (A of Figure 200). 
In a crystal these units would be arranged as in B; in an amorphous solid 
on the other hand they would be haphazardly grouped together. A simple 
sort of regularity Would be achieved if they have only the long axis in 
common (C). Such a grouping might conceivably be formed, for example, 
by the haphazard sticking together of molecules of compounds composed 
of long paraffin chains. A more regular arrangement would be obtained 
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if tli€ imits are parallel to one another after the fashion of D. A still 
nearer approach to a crystal is shown in E and a somewhat differ»^nt group- 
ing for elongated units at F. Variations from these structures might hav^ 
for instance, a top aspect like D but a side view like that of the perfect 

9 * 



Fig. 200. — ^Possible types of arrangements of the units in imaginable semi-crystals.'^ 


crystal B, or another might resemble D if all the units of thedatter were 
turned haphazardly about the arrows as an axis. 

The behaviors of these groupings towards X-rays would be very dif- 
ferent. The action of the crystal B has been discussed in the preceding 
chapters. The arrangement of C, though the units have a direction in 
common, does not exhibit any constant interatomic distance; conse- 
quently no diffraction effects will arise from the interaction of rays scat- 
tered by the different units and it would be indistinguishable from an 
^‘amorphous” grouping. In D, and F, there is a constant distance be- 
tween parallel planes and if there are enough planes it should be possible 
to obtain a single sharp reflection (and its higher orders) from them. 
Regularity exists in two directions at right angles in E so that a powder 
photograph from such a material would show additional reflections (and 
their higher orders). 

The cells used in this discussion are highly artificial and undoubtedly 
would never even approximately accord with the physical realities in any 
“semi-crystals” which may exist. They serve, however, to illustrate 
types of regularity imaginable for less simple construction units and the 
nature of the diffractions produced by them. 

Powder photographs of the oleates of potassium, sodium and am- 
monium are said {192S, 24) to show only three diffraction lines which are 
considered to be three orders of a single reflection. Recently more exten- 
sive studies (^1928, 69, 69a, 81a) have been made of photographs from 
several of the higher fatty acids and other long chain carbon compounds. 
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These photographs were not powder photographs but were reflections from 
a sheet obtained by allowing the acid to solidify as a thin layer upon a 
glass platen It is important to determine whether the single sharp reflec- 
tion (and. its higher orders) that is thus observed is due simply to the 
special orientation of the crystals with respect to the glass or whether as 
in the alkaline oleates it is also a characteristic of a true powder photo- 
graph of these compounds.^ Besides the sharp lines two diffuse bands are 
found in practically the same positions for each substance. The bands 
appear to resemble the “liquid bands” produced by most liquids and 
glasses ar^ the discovery of their origin will contribute largely towards a 
satisfactoi ' knowledge of these compounds. For potassium oleate {1923, 
24) the spa cmg corresponding to the sharp lines is 43.5A°. Since this value 
agrees closely with the determined thickness of the soap bubble films of 
this substt nee, the diffraction data have been thought {1923, 24) to show 
that the ' eates have a structure resembling type F of Figure 200. This 
spacing and the ones measured for many of the other compounds are much 
greater than those which are calculated using the customary interatomic 
distances and making the assumption that all of the atoms are placed end 
to end in one long chain. If these substances are truly crystalline and if, 



Fig. 201. — Spacing data upon fatty acids and other long carbon chain compounds. 

as is probably the case, the chosen interatomic distances are approximately 
correct when applied to these substances, this observation seems to show 
that more than one molecule are contained within the unit cells {1923, 69). 
The spacing data upon the various long carbon chain compounds yet 
studied are collected in Figure 201. The straight line passing through 

1 Another study {1921 ^ 11a) has been made of various fatty acids and their lithium 
salts; no data of any sort have, however, been published. 
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tlie points for the normal fatty acids containing even numbers of carbon 
atoms shows {1923, 69) that, at least approximately, their spacings in- 
crease by a constant amount with increase in the number of pairs of 
carbon atoms; this increase is seen to be very nearly 4A'=" per carbon pair. 
The data {1923, 69a) upon pentadecj^Hc (C 15 H 30 O 2 ) andmargaric (C 17 H 34 O 2 ) 
acids suggest that a different rule operates for the odd numbered than for 
the even numbered carbon acids; more results are, however, needed for 
the odd numbered acids. Similarly the spacings of the esters {1923, 81a) 
of palmitic (C 16 H 32 O 2 ) acid (and apparently also of stearic acid) increase 
by a constant amount, at least for the esters containing an even number 
of carbon atoms in their radicals. The increase in spacing per pair of 
ester carbon atoms is about 2.4A°, a value very different from that found 
for corresponding increases in the length of the carbon chain. These 
facts have been made the basis for speculations (1923, 69a) upon the 
shapes of carbon chains; data upon many more compounds, as well as a 
better idea of the nature of the solid acids, are necessary before these 
suggestions can be taken as probably correct. 

When the mineral gillespite, which is a complex silicate of potassium 
and barium, is extracted with hydrochloric acid all of the metal atoms 
are removed and the water content is increased. The resulting insoluble 
portion is not optically isotropic, as might be expected, but shows like 
the original gillespite a uniaxi^ character. Only one diffraction line has 
been found in the powder photograph of this anisotropic insoluble residue . 1 
^'Liquid crystals are said to have no lines in their powder photographs 
(1921, 53); their Laue photographs also yield no evidence for a crystalline 
structure {1921, 68 , 69). Whether this indicates the existence in these 
liquids of a regularity not greater than the sort portrayed in C of Figure 
200 or whether the anisotropy of “liquid crystals’' has a totally different 
explanation is not deffnitely answered by the experiments thus far carried 
out (see page 386). 

The preceding experimental results suggest that powder patterns are 
sometimes obtained which contain only a single reflection. Even if the 
needed additional experiments confirm this fact extreme caution would 
be necessary in interpreting these data in terms of such “semi-crystals” 
as have been discussed. Whatever may prove to be the correct explana- 
tion of these patterns, the results already attained from the study of the 
fatty acids and esters show that the extension of these investigations will 
furnish data of great interest. 


^ From unpublished observations by W. T. Sehaller, E. S. Larsen and the writer. 
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Diffraction Effects from Won-crystalline Materials 

X-ray Diffraction Effects from Liquids and Glasses.— The powder 
photographs of most liquids and glassy solids consist not of an amorphous 
scattering but of a series of one or more broad but distinct diffraction 
bonds {1916, 6). Several photographs of typical liquids and glasses are 
reproduced in Figure 202; as they show, there is no distinguishable differ- 
ence between the patterns from materials in the two states of aggregation. 



Fig. 202. — Typical X-ray diffraction patterns from liquid and glassy substances. 

Not only their appearance but their possible sources suggest that the 
‘^liquid bands’' have an origin very different from that of the diffraction 
lines produced by a crystalline solid. No experiments that have yet been 
made decide definitely what this source may be and at the present time 
there is no general agreement of opinion concerning it. Two types of 
explanation have been proposed. In the first place it has been imagined 
that these bands arise from the interference of rays scattered by the atoms 
within the chemical molecules of the liquid or glass {1916jQ), From this 
standpoint the bands do not arise from atoms regularly arranged with 
respect to one another in space but rather from constant distances between • 
pairs of atoms. The proof that diffraction inside the molecules of a dia- 
tomic gas {1915 f 7) would give rise to a series of broad bands shows that 
constant atomic separations may be sufficient to account for the observed 
haloes. On the other hand it has been urged that these diffraction effects 
are intermolecular in character. Two different explanations of this sort 
have been offered. It has been imagined that the bands arise from the 
rays scattered by the molecules which even in the liquid state are more or 
less regularly arranged with respect to one another {1922, 51). The other 
suggestion {192S, 75) sees these bands as the result of a scattering that is 
p^nalogous to tjie scattering of light in a mnrty medium; the molecular 
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groupings responsible for these haloes thus may be similar to the arrange- 
ments postulated for the preceding {1922, 51) explanation but as chance 
associations of molecules, they would be only local in character and of the 
briefest duration. 


Benzene Octane 


0 10 ZO 30 40 0 10 20 30 40 0 10 ZO 30 40 

ze — ► ze ^ 2 < 9 — 

Fig. 203. — ^Plots siiowing the results of spectrometer measurements upon the three 
liquids benzene, octane and mesityiene (after Hewlett). 






Fig. 204. — Photometer curves for liquid patterns of benzene, carbon tetrachloride and 
their 1 : 1 (by volume) mixture. The curve through the open circles is for carbon 
tetrachloride, the dotted curve is for benzene and tie full line is the mixture curve. 
The abscissas are distances upon the film measured from the central undeviated 
image. 
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The “liquid patterns” have been obtained from several liquids, both 
inorganic and organic. Ordinary glasses, silica glass, amorphous silica, 
collodion and bakelite are amongst the solid materials that give these 
bands. Data for the liquids e.xamined are reproduced in Table III and 
in {1923, 93) Figures 203 through 207. 


Table III. The Positions of Liquid Bands 


Substance 

Angle of 
Deviation 

Wave Length 

Obseeves 

Benzene 

00 

Oi 

o 

0.712A° 

(1023, 45) 

Benzene 

18 

1.54 

(19ie, 6; 1922, 51) 

Octane 

8.1 

0.712 

(1923, 45) 

Mesitylene ■ 

4.1; 6.2 

it 

il 

Ethyl alcohol 

22 

1.54 

(1922, 51) 

Ethyl ether 

19 

it 

it 

Formic acid 

24 

it 

tl 

Carbon disulfide 

13.23 

0.712 

(1923, 53) 

Oxygen 

12.5; 19.5 

it 

u 

IC 

27 

1.54 

(1922, 61) 

Argon 

13.0; 18.9 

0.712 

(1923, 63) 

it 

27 

1.54 

(1922, 61) 

Water 

13.44 

0.712 

(1923, 63) 

it 

29 

1.54 

(1922, 51) 

Nitrogen 

11.34; 17.0 

CH 

0.712 

Cl 4 

(1923, 53) 



Fig. 205. — ^Photometer curves for liquid patterns of methylene iodide, carbon tetra- 
chloride and their 1 : 1 (by volume) mixture. The curve for carbon tetrachloride 
passes through the open circles, the meth;Srlene iodide curve is dotted and the mix- 

-If. oT-irtTim Ktr full linA 
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Uaquestionably the most satisfactory procedure for photographing 
liquid diffractions would dispense with any container and employ directly 
a thin stream of the liquid. A photograph of liquid benzene (1916, 6) 
has been prepared in this manner. In all other measurements use has 
been made of cells or tubes of glass, collodion or other material equally 
capable of giving a liquid pattern. For this reason it is necessary to 
scrutinize with care the existing data. Some spectrometric observations 
have been published upon liquids contained within thin-walled celluloid 


.^3 1^5 (0^)3 HgO 



Fig. 206. — ^Photometer euryes for liquid patterns of glycerine, water and their 1:1 
(by volume) mixture. The dotted curve is for glycerine, the open circles are ob- 
servation points for water and the full curve is that of the mixture. 

tubes (19BB^ 46); it has also been found that cells with sides made of the 
thinnest sheet celluloid {19^8, 93) do not give observable diffractions 
within the time required to register the diffraction pattern of a liquid they 
may contain. Especially in dealing with organic liquids, however, these 
cells have a veiy Imiited usefulness on account of the rapidity with which 
they are destroyed. 

Powder photographs have been prepared from several compounds 
which form '^liquid crystals” (1921, 63). At a sufficiently high tempera- 
ture these substances are clear liquids but as they are cooled they reach 
points (the clarification” temperatures) at which they become murky 
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and optically anisotropic. On further cooling through this turbid region 
the melting points are reached and crystalline solids are formed. The 


Sait solutions 



Distance 

Fig. 207. — Photometer curves for water (full line) and for concentrated aqueous solu- 
tions of potassium chloride (dotted line) and iron ammonium alum (open circle curve). 


results of photographs of compounds in these three conditions are sum- 
marized in Table IV. In aU cases the turbid as well as the clear liquids 
yield only liquid patterns. Under the microscope the esters of cholesterol 
show the presence of what appear to be minute crystals; their failure to 
contribute a crystalline diffraction to the pattern of the murky stage is 
probably to be attributed to the predominance of the liquid phase. These 


Table IV. 

SUBBTAKCB 

p-a2o:^anisol 

it 

p-azoxyphenetol 

Dianisalazin 


Data upon “Liquid Cetstals*" {1921 j 53) 


Physical Stai» 
solid 

turbid-liquid 

clear-liquid 

solid 

turbid-liquid 


DOTBACTrOlf PATIBBir 

crystalline 

liquid 

ti 

crystalline 

liquid 


Cholesterol proprianate 

it 

it 

Cholesterol benzoate 


sohd 

turbid-liquid 

clear-liquid 

turbid-nquid 


crystalline 

liquid 

a 

cc 
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experiments prove that most of the liquid of a '‘liquid crystaP^ not only 
does not possess a crystalline arrangement but is devoid of any form of 
regularity which might give "semi-cr}^stalline^^ diffractions. Beyond that 
they do not go. 

Some of the obseivations upon liquid patterns have a distinct, if as yet 
not entirely conclusive, bearing upon their origin. The assurance that 
the phenomena are really ones of diffraction is given by the fact that the 
positions of the bands change with the wave length of the X-rays that are 
employed (see Table III). Proceeding upon the assumption that they 
are produced within the molecules, calculations {1916, 6) have been offered 
to show that the bands of benzene are compatible with a molecule of 
reasonable size and shape- Liquid argon, which is undoubtedly composed 
of monatomic molecules, has been found to give {1922, 51; 1923, 53) a 
clearly defined pattern. It has also been reported that rhercury 3delds 
a liquid pattern {1921, 33) ; but an attempt to reproduce these effects by 
photographing {1923, 93) a suspension of mercury droplets in collodion 
showed only the bands of the collodion superimposed upon a much black- 
ened field.i If the observed bands of argon actually arise from the liquid 
and not from its glass container, it seems necessary to look to intermolecu- 
lar associations for at least their principal origins. Calculations have been 
made {1922, 51; 1923, 53) which are supposed to show the existence of a 
definite close packing of the molecules in Kquids. For these calculations 
it is imagined (1) that the molecules of a liquid are in the hexagonal closest 
packed arrangement of spheres [d], (2) that nevertheless they do not 
give rise to a crystalline diffraction but the positions of the bands they 
produce can be obtained by considering the interferences from a pair of 
molecules and (3) that in so doing use can be made of the expression 
describing the diffraction effects to be expected from the two atoms in the 
molecule of a diatomic gas. Proceeding from these assumptions an ap- 
proximate agreement is foimd with the observed positions of the bands 
of some liquids (Table V). From certain aspects some of these assump- 
tions are so unexpected that it is difficult to place a satisfactory evaluation 
upon such numerical coincidences as the data show. 

Patterns have been investigated from a few pure liquids and their 
mixtures {1923, 93). If the liquid bands were of a purely intramolecular 
natwe the diffraction of a mixture of two liquids ought to be essentially 
the sum of those of the pm^e liquids themselves. This will not be true if 
the diffraction arises from pairs of molecules {1922, 51; 1923, 53) but it 
may not be incompatible with the idea of temporary regular associations 
of molecules {1923, 76) if these regularities extend over several molecules. 

^ An ajaorplious scattering from mercury may, like the scattering from solid potas- 
sium, result from large amplitudes of the thermm vibrations of its atoms. 



NON-CRYSTALLINE DIFFRACTION PHENOMENA 389 


Table V 


A. Using 

Molybdenum K-radiatlon (X 

= 0.712A°) ims, 

53) 

SlTBSTJLNCE 

Angle op Deviation Observed “Spacing” 

1.33-^^ 

Oxygen 

12.50° 

4.0A° 

4.0A° 

Argon 

13.0 

3.85 

4.1 

Water 

13.44 

3.73 

3.6 

Nitrogen 

11,34 

4.42 

4.4 

Carbon disulfide 

13.23 

3.8 

5.2 

B. Using Copper K-radiation (X = 1. 

54A°) (im,51) 


Oxygen 

27° 

4.0 

4.0 

Argon 

27 

4.0 

4.1 

Benzene 

18 

6.0 

5.9 

Water 

29 

3.75 

3.6 

Ethyl alcohol 

22 

4.9 

5.2 

Ethyl ether 

19 

5.7 

6.2 

Formic acid 

24 

4.5 

4.5 


The data thus far accumulated (19BS, 93) for liquid mixtures are shown in 
Figures 204, 205 and 206. Within the limit of error of the observations 
(Figure 207) the patterns (1928, 93) of water are identical with those of 
concentrated aqueous solutions of potassium chloride and iron ammonium 
alum. These data agree with the statement that the diffraction pattern 
of a liquid mixture is the sum of the diffractions of its pure components. 
The bands of these pure liquids have, however, positions so close together 
that the available experiments do not prove that new mixture bands 
cannot lie between them. The possible existence of such new bands could 
probably be determined by increasing the resolution through a decrease 
in the thickness of the sample and the width of the spectrograph slits. 

The alkaline oleates (1923, 24) are said to yield liquid bands as well as 
the lines of a ^'semi-crystal.’^ If both patterns are due to the oleates, 
a study of “semi-crystals” will also throw light upon the nature of the 
liquid diffractions. Similar diffuse lines occur in the patterns of fatty 
acids and esters (1923, 69, 69a, 81a). 

It is evident from the preceding discussion that the available experi- 
ments do not permit of a final decision concerning the origin of liquid 
bands. If argon actually gives rise to liquid bands, interference between 
the rays scattered by the atoms of a single molecule must be a minor 
factor. Additional experiments are needed, however, to establish the 
nature of the order in molecular arrangement which is then responsible 
for the observed effects. 

Amorphous Scattering from Non-crystalline Materials* — The fact that 
liquids and glasses, as well as crystals, produce definite diffraction effects 
leaves only a very small class of substances among which to seek materials 
devoid of any regularity. The possibility of amorphous metal as the source 
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of the general scattering observed from poKshed surfaces has been men- 
tioned. It has been said {1933, 22) that porcelain gives besides the lines 
of sillimanite a general blackening which may be due to a large admixture 
of amorphous material. Precipitates of metallic sulfides and hydroxides 
from cold aqueous solutions also are considered to show only an amorphous 
character (1923, 41). The mineral gadolinite, when it is optically iso- 
tropic, appears to be completely amorphous (1922, 55). In these last 
cases, however, the data do not give assurance of the non-existence of 
liquid patterns. 

It is not known whether diffraction phenomena can be produced by 
the electrons within a single atom. If they are possible, none would 
be expected except with short wave lengths. They would then be most 
naturally sought amongst the few materials which give an amorphous 
scattering of X-rays of the usual length. 

Summary of Tj^es of X-ray Diffraction Effects 

Three distinct types of X-ray diffraction effects have been encountered 
— crystalline, liquid and “amorphous.’’ Their interrelations and sources 
are incomplete!}^ known as yet but the available knowledge can be expressed 
as follows: 

I, Crystalline Diffraction Patterns. 

A. Perfect crystalline diffraction (a series of sharp lines in a 
powder photograph). From crystals having a size very great 
compared with the wave lengths of X-rays. 

B. Imperfect ciystallme diffraction, 

1. Effects (usually more or less hazy) arising from strained 
and distorted ciystals and crystalline aggregates. 

2. Broad crystalline diffraction (broadened lines in the 
positions occupied by the lines in the pattern of a perfect 
crystal). From crystals the size of which approaches 
that of the wave length of X-rays. 

3. “Semi-crystallme” diffraction (one or two sharp lines, 
and their higher orders, in the powder photograph). 
To be expected from materials that possess atomic reg- 
ularity in less than three directions. 

II. Liquid (or Glassy) Diffraction Patterns (a series of one or more 
. broad diffraction bauds). 

A. Probably from all liquids. 

B. From glasses. 

C. From some “amorphous” solids (such as amorphous silica). 
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III. General or '^Amorplious’’ Scattering (a generally distributed black- 
ening of the photographic plate). 

A. From some crystalline solids and perhaps from some liquids 
(presumably those with large amplitudes of thermal vibra* 
tion). 

B. Probably from purely amorphous solids (if they exist). 



Chapter XV. Some Applications of Diffraction 

Information 


The results of crystal analysis have already been of influence in many 
branches of science. This range of usefulness is so great that its adequate 
discussion would require the space of a separate monograph. For this 
reason alone the present chapter will be limited to a very qualitative 
consideration of a few topics of timely or especial interest. 

The Bearing of Crystal Structure Data upon the Existence of Mole- 
cules and the Nature of Valence. — One of the most interesting contribu- 
tions of crystal structure knowledge arises from its bearing upon the nature 
of valence relations in the solid state. From such sources as the Gay- 
Lussac Law of volumes and the kinetic theory of gases, as well as numerous 
results of recent physical research, there is unmistakable evidence for the 
existence of chemical molecules in gases. The extension of the gas laws 
to dilute solutions also has indicated that the solute is distributed in some 
cases throughout the solvent as small and constant associations of atoms. 
Furthermore it seems impossible to imagine other than a molecular con- 
stitution for typical organic compounds whether they are in the physical 
state of gas, liquid or solid. There has, however, been no authentic infor- 
mation to show that such constant associations of atoms as are commonly 
understood by the term chemical molecule exist in other liquids and solids. 
The practically universal assumption by chemists that under all physical 
circumstances the normal condition is one in which a few atoms are associ- 
ated together as molecules has thus been an experimentally unwarranted 
extrapolation from the existing knowledge. For this reason evidence for 
the non-existence of chemical molecules in most inorganic solids need not 
be in contradiction of previous experiments. 

From crystal structure data it seems quite certain that no molecules 
are to be distinguished in such crystals as sodium chloride. If a sodium 
and a chlorine atom were bound together as a molecule in rock salt, then 
since the forces holding them together would be greater than those acting 
between either atom and any other within the solid mass, their distance 
apart would be different from other interatomic distances within the 
crystal. A study of the structure of sodium chloride crystals, however, 
shows that each chlorine atom is surrounded by six equally distant sodium 
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atoms and each sodium atom by six equally distant chlorine atoms (Figure 
167). The repetition of this equality in atomic separations makes the 
entire crystal the next physical entity larger than the atoms of which it is 
composed. A reference to the structures of the other inorganic crystals 
which have been investigated shows that in most of them the usually 
assumed chemical molecules can not be distinguished. Nevertheless 
wherever such atomic associations as the sulfate, carbonate, or nitrate 
groups are present they can be identified within the crystal structure. A 
few inorganic compounds have non-polar and other physical properties 
which suggest that definite molecules are present in their crystals. Tin 
tetraiodide is such a substance and molecules of Snl4 can be distinguished 
in its crystal structure. Likewise the molecule can be found within crys- 
tals of hexamethylene tetramine (C6H12N4), the only truly organic com- 
pound the structure of which has yet been adequately and completely 
elucidated. 

Crystal structure information thus distinguishes between three types 
of crystals. In the first group, of which sodium chloride is typical, no 
distinctive association of atoms short of the entire crystal can be observed. 
AU of the known examples of this class are inorganic salts (including 
oxides, sulfides, etc.). Of a second sort are crystals within which may be 
detected what might be termed “submolecular'^ associations of atoms. 
The sulphate, nitrate or chloroplatinate ions are amongst these sub-molec- 
ular groups; others are water or ammonia molecules, and such larger 
association of these molecules with the metal atoms in hydrates and 
ammoniates as [NiCls- 6NH3]. In the third category are to be found those 
inorganic and organic crystals which can be considered to be made up of 
molecules. Tin tetraiodide, hexamethylene tetramine and the cubic tri- 
oxides of arsenic and antimony are examples of these molecular crystals. 

A reference to the structures of certain crystals shows, however, that 
in many cases these groupings are not conspicuous: Their identification 
is rather in the nature of an observation which is not incompatible with 
the results. In other words, if nothing were known of the chemical 
properties of such a crystal in advance of its structure determination it 
would not be safe to say from its atomic arrangement that certain atoms 
formed distinct groupings. The impossibility of working back in this 
manner from the crystal structure data to conclusions concerning the 
substance itself is strikingly illustrated by a comparison of silver molyb- 
date (Ag2Mo04) with the magnesium aluminum spinel (MgAl204). These 
two crystals have identically the same atomic arrangement, with mag- 
nesium and molybdenum atoms, and silver and alur^inum atoms occupy- 
ing the corresponding positions within the unit cubes. All chemists would 
probably agree that the former compound is built up of silver atoms, or 
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ionSj and molybdate (M0O4) groups, or ions; and they would see the clus- 
tering of four oxygen atoms about each molybdenum atom as evidence 
for the continued existence of molybdate groups in the solid state. Yet 
this same reasoning would find an indication of the presence of a chemically 
unthinkable Mg04 group in the corresponding association of four oxygen 
atoms about the magnesium atom of the spinel. From such an example 
as this it is evident that conclusions cannot be drawn from crystal struc- 
ture results concerning the existence of sub-molecular groupings of atoms. 
It appears perfectly legitimate, however, to require that atomic groups 
which are stable in solution and other states of aggregation shall be con- 
tinued in the crystal. For instance in a crystal containing the sulfate 
group, it appears justifiable to require that four oxygen atoms shall be 
intimately associated with each sulfur atom. Too few examples of molecu- 
lar crystals have been examined to show how readily distinguishable will 
be their molecules. 

In view of the preeminent place which the idea of valence has played 
in the development of chemical theory, it is natural to inquire whether 
a connection can be observed between the commonly accepted valence 
of atoms and the structures of the crystals containing them. For non- 
molecnlar cry-stals the existing data are sufiBicient to answer this question 
emphatically in the negative. The following examples will make this 
entirely clear. Sodium chloride and magnesium oxide, as typical of com- 
pounds composed of two univalent and two divalent atoms respectively, 
have identically the same atomic arrangements. In cesium fluoride, 
with the sodium chloride arrangement, each univalent atom is surrounded 
by six equally distant univalent atoms of the opposite kind but in the 
chemically related cesium chloride, each atom has eight of the other sort 
equally distant from it. Each copper atom in cuprous chloride, also a 
compound of two univalent atoms, is surrounded by four chlorine atoms 
and each chlorine atom by four copper atoms. Such examples as these 
are almost as numerous as are the available data for simple crystals. 
The absence of an obvious connection between valence and atomic ar- 
rangement is also to be seen amongst the more complicated groupings. 
Thus in the structurally isomorphous crystals of magnesium aluminum 
spinel (MgAl204), potassium zinc cyanide (K2Zn(CN)4) and silver molyb- 
date (Ag2Mo04), trivalent aluminum and the univalent potassium and 
silver atoms occupy analogous positions in the crystal, as do likewise both 
the divalent magnesium and zinc and the hexavalent molybdenum on the 
one hand and the divalent oxygen atoms and the univalent cyanide radi- 
cals on the other. From such observations it would have been necessary 
to conclude that the picture of valence bonds as definite individual links 
between atoms does not apply in these solids if the recognition of the 
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electron as the probable bonding agent in atomic combinations had not 
already indicated it. 

Crystal structure results are capable of supplying information con- 
cerning the equivalence of the bonds joining an atom to those about it. 
A consideration of the atomic arrangement in tin tetraiodide ('Snl 4 ), for 
instance, shows that three of the iodine atoms are equivalent (i.e., are 
identically related to their surrounding atoms) but different from the 
fourth. Similarly it is clear from the structure of calcite (CaCOs) that 
the three oxygen atoms 'must be alike and consequently that such a for- 
mula as Ca0‘C02 is without justification. Many conclusions of this sort 
can be drawn from a knowledge of the symmetry of a crystal even before 
its atomic arrangement has been studied. Thus the five oxygen atoms of 
crystalline phosphorus pentoxide cannot be equivalent because no group 
of five, or an integral multiple of five, equivalent positions is permitted 
by any kind of crystaUine symmetry. The numbers of equivalent points 
in any arrangement having orthorhombic symmetry are limited to 1, 2, 
4, 8, 16 and 32. Since KNO 3 and CaCOs, as aragonite, have this sym- 
metry and since none of these numbers are multiples of three, it must 
immediately be concluded that in neither of these crystals are the three 
oxygen atoms alike in their relations to the other atoms of the crystal. 
For the same reason it can be concluded that since benzene forms ortho- 
rhombic crystals it is impossible for all six of the carbon atoms of its 
molecule to be equivalent in the solid state. Applications of this prin- 
ciple can be multiplied almost without hmit. It is to be noted that the 
only assumption made is the one which underhes all use of mathematical 
in physical crystallography — that the atoms of a crystal occupy positions 
in space which conform to its symmetry. At the same time, however, 
it is necessary to bear in mind the fact that it is not now possible to state 
precisely how much chemical significance attaches to these non-equiva- 
fences. 

Crystal structure studies have thrown some light upon the distribution 
of atoms associated together through the operation of ^‘secondary valence/’ 
For many years the compound cesium dichloroiodide (CsClal), as typical 
of the alkali polyhalides, was considered to be a “double-salt” of cesium 
chloride and iodine monochloride (ICl); more recently, however, and on 
the basis of studies of its behavior in solutions it has been treated as the 
cesium salt of the hypothetical acid HICh. An investigation of its crystal 
structure shows that the two chlorine atoms must be identically related 
to an iodine atom (if as is probable the determined structure is correct). 
This arrangement is in direct contradiction with the “double-salt” inter- 
pretation and favors the existence of ICI 2 groups within the crystal. It is 
likely that two fluorine atoms are equally associated with each hydrogen 
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atom in potassium hydrogen fluoride (KHF 2 ), and perhaps also in the 
sodium hydrogen fluoride (KaHFo). In the hexammoniate of nickel 
chloride [XiCh-GJSHa] the six ammonia groups, which are assumed to be 
held within the crystal by the operation of secondary valency forces, have 
geometrically identical relations to a central nickel atom; these relations 
are the same as those maintamed tcwaids a platinum atom by the six chlo- 
rine atoms in the isomorphous ammonium chloroplatinate [(NH4)2PtCl6]. 
In the hexahydrate of zinc bromate the six water groups are all equivalent 
and have a similar arrangement, probably about the zinc atom. There 
has been discussion in the past as to which atoms in a hydrate or ammoni- 
ate are most intimately associated with the water or ammonia groups. 
The structure of the hexammoniate nickel halides requires that all six 
ammonia groups be equivalent to one another and favors the assumption 
that these molecular groups are most closely associated with the metal 
atoms. In the alums hkewise the twelve water molecules fall into two 
groups of six equivalent molecules; and it is compatible with the atomic 
arrangement, though geometrically not a requirement of this structure, 
to imagine one group to be arranged about the alkali metal atom and the 
other to belong to the trivalent atom. 

From numerous sources it has become apparent that the valence 
relationships of atoms can be accounted fo in terms of the number and 
behavior of the least tightly bound outermost’^) electrons in atoms. 
Two ways suggest themselves by which electron interaction can endow 
atoms with definite units of combining power for other atoms: (1) one 
or more electrons may be held in common, or shared, by two atoms, or 
(2 electrons may be transferred completely from one atom to another. 
In the latter case the atom which loses electrons becomes positi.el}^ 
charged (electrically) and the atom acquiring electrons assumes a negative 
charge. The sharing of electrons, on the other hand, does not involve the 
development of charged atoms. The presence * of negatively charged 
atoms in solutions and melts shows clearly that a strong tendency exists 
for atoms to attach electrons beyond the number required to neutralize 
the positive charges of their nuclei. These charged atoms (ions) are 
obtained in solution by dissolving compounds built up of strongly electro- 
negative (electron-acquiring) and strongly electro-positive (electron- 
losing) atoms. Most of the crystals with non-molecular structures are of 
this sort and it is in accord with their other properties to suppose that their 
atoms are electrically charged in the solid state as well as in solution. 
If this hypothesis is adopted no contradiction exists between the present- 
day information concerning the nature of valence and the results of the 
ciy^stal analysis of salts of strongly electropositive and electronegative 
atoms. An attempt has been made to prove the existence of charged atoms 
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in ci^-stals of litMum fluoride from measurements of the relative intensities 
of X-ray reflections from various planes {1918, 11 ). Such a proof involves 
the assumption of a knowledge of the laws of scattering for this crystal. 
Inasmuch as these laws are not accurately known at present, the possibly 
better agreement between observ^ed intensities of reflection and those 
calculated from ^^laws” assuming the existence of lithium and fluorine 
ions (instead of neutral atoms) cannot be more than an indication of the 
probable presence of charged atoms within the cr^^stal. The same lack 
of validity attaches to similar proofs of the non-existence of shared-electron 
bonds in the diamond and other crystals {1918, 11 ; 1920, 37). Only 
atoms which hold their electrons with a considerable tenacity and tend to 
acquire more beyond the number necessary for electrical neutrality may 
be expected to share electrons with one another. Thus electron-sharing 
bonds are to be sought only in compounds which involve the close associa- 
tion of amphoteric or electronegative atoms. If all of the atoms in a 
crystal are held together by electron-sharing bonds, then it may or may 
not contain molecules. For instance, if the atoms in the diamond are 
united by such bonds, every atom will share electrons with each of the 
four carbon atoms around it, and this continued indefinitely will make 
the entire piece of cr^^stal a single molecule; a sharing of electrons between 
neighboring atoms, on the other hand, can take place entirely within a 
molecule of composition C 6 H 13 N 4 in crystals of hexamethylene tetramine. 
It must be emphasized that no available crystal structure evidence either 
proves or disproves the existence * of electron-sharing bonds between 
atoms. 

Various attempts have been made to link up particular atom models 
involving amplifications of these ideas of valence with determined crystal 
structures and even to predict structures in advance of their X-ray anal- 
ysis. Not enough is known, however, about the structures of either 
atoms or crystals to make these attempts of value to crystal analysis 
itself. 

More important are the efforts^ to calculate the physical and 
chemical properties of crystalline compounds. Thus far a large part 
of these attempts have been directed towards a study of the 
alkali halides. So little is yet known about the interior ' of atoms, 
and especially about their loosely-bound electrons, that a lengthy 
consideration is required to show how much of the calculated agreement 
with experiment is due to the correctness of the particular assumptions 
used and how much is due simply to the additivity of properties in this 
series of crystals. Whatever may be the permanent worth of these efforts 

^ See the numerous papers by Born, Land4, Fajans, Herzfeld, and others beginning 
with { 1918 , 4), 
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in their present form, they are of the greatest importance as forerunners in 
opening up one of the ways through which chemistry and physics ulti- 
mately wOl be merged. 

Crystal Structure and the Shapes of Atoms —The question of how far 
the symmetry in the arrangement of its constituent parts extends into the 
intimate structure of a crystal continues to be a puzzling one. It has 
already been emphasized that the fundamental assumption underlying 
all present-day applications of mathematical crystallography is that the 
spaeial arrangement of the atoms in a crystal must conform to its sym- 
metry. The hydrogen atoms of ammonium groups in the alums and 
other salts probably do not occupy positions demanded by the observed 
crystal symmetry; otherwise there is no reason from the existing data to 
doubt the correctness of this basic postulate. Prom the available infor- 
mation it is not clear whether these hydrogen atoms occupy fixed equilib- 
rium positions and thus introduce merely a formal contradiction of this 
assumption (owing to the ineffectiveness of hydrogen) or whether am- 
monium (and perhaps other) groups behave in their symmetry effects as 
if they were single entities. From many standpoints the latter possibility 
is the more probable one. 

On various occasions it has been proposed [see for instance (1915, 15)] 
not only the symmetry of their positions but the symmetries of the 
atoms themselves must agree with the observed crystal symmetry. No 
information exists which will prove whether or not this is correct, though 
observations like the ones just recorded for the ammonium group suggest 
that order in arrangement proceeds less rather than more deeply into 
the crystal structure than the atomic positions. Attempts have been 
made to ascribe some of the apparent disagreements between X-ray data 
g.Tiri crystallographic symmetry, especiafiy those from etch-figure obser- 
vations, to low atomic symmetry; but detailed explanations on these 
grormds have not been offered and no simple ones seem forthcoming. 
The requirements of strict symmetry agreement between a crystal and its 
atoms calls for almost as many different forms of an atom as there are 
kinds of symmetry. For example it would necessitate a cubic calcium 
atom (or ion) in calcium oxide, a trigonal one in calcite (CaCOs), an 
orthorhombic one in aragonite (CaCOs) and a monoclidc or triclinic one 
in certain natural sihcates and organic crystals. There is, however, no 
way of disproving this assumption from crystal structure data, especially 
if it is considered that the symmetry of an atom is at least as high as that 
of the most symmetrical crystal in which it occurs. Such a supposition 
of oriented atoms carried with it the consequence that atoms must have 
different symmetries in different crystals; for imless an atom which is 
sometimes in cubic and sometimes m hexagonal crystals is essentially 
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spherical and thereby devoid of distinctive shape, there is no way in which 
it can have within itself both of these * sets of axes at the same time. 

It has sometimes been urged ^ that the electrons of an atom have 
fixed positions of equilibrium about the central positive nucleus. Thus 
in deference to the tendency to complete groups of eight electrons in 
chemical combinations either by the loss or addition of electrons beyond 
the number required for neutrality, atom models have been proposed with 
electrons arranged about the nucleus at the corners of cubes or in pairs 
at the corners of tetrahedrons. Crystal structure data are capable of 
furnishing some information upon the question of the reality of such fixed 
electron positions for the chemically active electrons in atoms. For ex- 
ample {1920^ 63), since the three oxygen atoms of the carbonate group in 
calcite are all alike, each must be bound in the same manner to the central 
carbon atom. If it is assumed that these atoms are united by sharing 
electrons, then six of the chemically active electrons of a carbon atom will 
lie in one plane and more or less in pairs which make 120*^ with one another,* 
there is thus no reasonable approach to either a cubic or a tetrahedral 
arrangement. Consequently it is necessary to face the alternative that 
either the outside bonding electrons need not have a cubic (or tetrahedral) 
arrangement or else that such electron bonds do not exist between the 
carbon and oxygen atoms in calcite. Crystal structure determinations 
do not now offer a way of deciding definitely between these possibilities — 
though there is little physical and no real chemical evidence pointing 
to the existence of atoms of a fixed cubical, or any other, shape. Further- 
more the many consequences of a choice seem to show that, at least for 
the present, it is wiser to retain the idea of electron-sharing. 

The H 3 ^othesis of Constant Atomic Eadii. — Since the beginnings of 
crystallographic thought the sizes, shapes, and spacial distributions of 
the atoms in crystals have been subjects for speculation. A favorite 
hypothesis has been one which considers crystals to be composed of atoms 
of constant volume packed closely together. Sometimes the close-packing 
has been stressed, at other times the constancy of atomic volume has been 
emphasized as the principal determining factor. The wide divergence 
of the molecular volumes of dimorphous modifications of various sub- 
stances shows immediately the impossibility of atoms of constant volume 
being closely packed together. The distances apart of atoms are given 
by crystal structure data and it has recently been suggested {1920, 12) 
that they are in accord with the assumption that crystals are built of 
closely packed atoms of “constant radii.'^ The essence of this idea is 
contained in the statement that the distance between two atoms is always 

1 G. N. Lewis, J. Am. Chem. Soc. $ 8 , 762 (1916); I. Langmuir, ibid. 41 , 868 (1919) 
ate 
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the same for the same mode of chemical combination and consequently 
'“radii” from which the interatomic distances can be calculated can be 
assigned to each kind of atom. A test of this hypothesis is of importance 
because it or any other similar relation, if correct, would largely extend 
the range of crystals capable of being analyzed by existing methods. 
Numerous starting-points are possible for the calculation of these radii. 
The “radius” of a metal atom can be obtained inomediately by halving 
the distance of closest approach of two atoms in a metal crystal; or the 
“radius” of the sulfur atom can be found in the same manner from the 
distance apart of two sulfur atoms in pyrite (FeS 2 ). If series of dimensions 
for various atoms in a number of crj'stals are calculated using these dif- 
ferent starting-points, it is found that the results are not in agreement 
with one another. This in itself shows a variability in the radii. An 
idea of the extent to which such a constancy is approached for the avail- 
able crystal structures can be had by reference to Tables I and 11; these 


Table I 

Data That Accord with an- Hypothesis of Constant Atomic Radii 

I.VTEKATOMIC DISTANCES 


CRYSTAL 

Between Atoms 

Calculated 

Observed 

Li 

Li-Li 

3.00A°. 

3.03A^ 

LiH 

Li-H 

(2.05) 

2.05 

LiF 

Li-F 

2.12 

2.07; 2.01 

LiCi 

Li-Cl 

2.581 

2.585 

liBr 

Li-Br 

2,746 

2.74 

lil 

Li-I 

3.00 

3.03 

NaF 

Na-F 

2.35 

2.34; 2.305 

NaCi 

Na-Ci 

(2.814) 

2.814 

NaBr 

Na-Br 

2.976 

2.975; 3.01 

Nal 

Na-I 

3.23 

3.235; 3.25 

NaNOs 

Na-0 

2.37 (if u = i) 

2.388 

KF 

K-F 

2.676 

2.68; 2.69 

KCi 

K-Cl 

3.136 

3.13 

KBr 

K-Br 

3.301 

3.30 

KI 

K-I 

3-556 

3.55 

KCN 

e:~(cn) 

(3.27) 

3.27 

RbCl 

Rb-CI 

3.30 

3.30 

RbBr 

Rl>-Br 

3.466 

3.465 

Rbl 

Rb-I 

3.72 

3.68; 3-654 

CsF 

Cs-F 

3.06 

3.015 

CsCl 

Cs-Cl 

3.52 

3.568 

CsBr 

Ca-Br 

3,686 

3.724; 3.713 

Csl 

Cs-I 

(3.94) 

3.94; 3.966 

MgO 

Mg—0 

(2.10) 

2.10 

MgCORh 

Mg-0 

2.10 

2.09 (probably) 

CaF2 

Ca-F 

(2.368) 

2.368 
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Table I — Continued 


CaO 

Ca-0 

2.387 

2.384 

CaCOa 

Ca-0 

2.387 (if u = i) 

2.372 

BaO 

Ba-0 

(2.74) 

2,74 

BaFs 

Ba-F 

2.72 

2.684 

ZnS 

Zn-S 

(2.337) 

2.337 

ZnO 

Zn-0 

1.934 

1.942 

CU 2 O 

Cii—O 

(1.845) 

1.845 

CuCl 

Cu-Cl 

2.286 

2.377; 2.32 

CuBr 

Cu-Br 

2.451 

2,52; 2.49 

Cul 

Cu-I 

2.706 

2.64; 2.63 

AgCl 

Ag~Cl 

2.725 

2.78; 2.76 

AgBr 

Ag-Br 

(2.89) 

2.89 

Ag2Mo04 

Ag-O 

2.284 

2.315 

CaCOs 

C-0 

(1.245) 

1.245 (if u == i) 

MnCOs 

C-0 

1,245 

1.275 (if u = 0.27) 

Sn (gray) 

Sn-Sn 

2.734 

2.798 

KaSnCle 

Sn-Cl 

(2.448) 

2.448 

(NH4)2SnCl6 

9n-Cl 

2.448 

2.462 

Ag2Mo04 

Mo-0 

(2.00) 

2.00 

Mo 

Mo-Mo 

2.72 

2.72; 2.668 

FeS2 

Fe-S 

(2.254) . 

2.254 

Fe 

Fe-Fe 

2.422 

2.476 

Fe304 

Fe^^O 

1.851 

1.797 

MnS 

Mn-S 

(2.607) 

2.607 

MnCOa 

Mn-0 

2.204 

2.17 (if u = 0.27) 

Mn(OH)a 

Mn-0 

2.204 

2.08-2.26 (2.19 is best) 

K2PtCl4 

Pt-Cl 

(2.27) 

2.27 

(NH4)2PtCl6 

Pt-Cl 

2.27 

2.16-2.36 

KaPdCU 

Pd-Cl 

(2.29) 

2.29 

(NH4)2PdCl4 

Pd-Ct 

2.29 

Table II 

2.34 (approximately) 

Data Disagreeing with an Htpothesis of Constant Atomic Radii 

Intebatomic Distances 

Chystal 

Between Atoms 

Calculated 

Observed 

N'a 

Na-Na 

3.46 A° 

3.724A° 

K 

K-K 

4.11 

4.504 

K2Zn(CN)4 

K-(CN) 

3.27 

3.14 

KaPtCh 

K~C1 

3.136 

3.227 

KsPdCU 

K-Cl 

3.136 

3.23 

KsSnCle 

K-Cl 

3.136 

3.48 

CsClsI 

Cs-Cl 

3.52 

3.65 

CSCI 2 I 

Cs-I 

3.94 

4.18 

Be 

Be-Be 

(2.234) 

2.234 

BeO 

B^ 

1.757 

1.648 and 1,65 (if u = j 

Mg 

Mg-Mg 

2.92 

3.22 

Ca 

Ca-Ca 

3.494 

3.926 
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- Table II — Continued 

Data Disagbebing with an" Hypothesis op Constant Atomic Radii 

Interatomic Distances 


Cetstal 

Between Atoms 

Calculated 

Observed 


Zn-Zn 

2.588 

2.93 


Zn-iON) 

2.514 

2.715 

Cd 

Cd-Cd 

3.44 

3.30 

CdO 

Gd-0 

(2.36) 

2.36 

K^Qd{m)4 

Cd-(CN) 

2.94 

2.80 

Cdia 

Cd--I 

3.22 

2.98 

Cu 

Cu-Cu 

2.41 

2.5*42 

Ag 

Ag-Ag 

3,288 

2.866 

AgsO 

Ag-0 

2.284 

2.06; 2.04; 2.03 

Agl 

Ag-I 

3.145 

2.81 and 2.825 

Diamond 

OC 

1.21 

1.542 

Si 

Si-Si 

2.194 

2.352 

(NH4)2SiF6 

Si-F 

(1.718) 

1.718 

ISTaNOi 

N-0 

(1.266) 

1.266 

NH4a 

N-H-Gi 

2-807 [3.34] 

3,342 

NH4Br 

N-H-Br 

2.972 [3.507] 

3.454 

NH 4 I 

N-H-I 

3.227 [3.76] 

3.60 

NiCh.eNHa 

N-H-Ci 

2.807 [3.34] 

3.56 

NiBr2.6NH3 

N-H-Br 

2.972 [3.507] 

3.70 

mit.QKEz 

N-H-I 

3.227 [3.76] 

3.89 

(NH4)3Pda4 

N-H-Gl 

2.807 [3.34] 

3.328 

(NH4)2PtCle 

N-H-GI 

2.807 [3.34] 

3.48 

(NH4)tSnCIe 

N-H-GI 

2.807 [3.34] 

3.54 

mmcit 

N-H-Cl 

2.807 

3.143 

CbCIJ 

CI-I 

2.582 

2.23-2.29 (if u - 0.312- 
0.317) 

Cdls 

M 

3.00 

4.206 

p6s04 

Fe«-0 

1.85 

2.07 

mo 

Ni-0 

(2.086) 

2.085 

M 

Ni-M 

2.89 

2.50 

MCh.GNHg 

Ni-NH 

2.07 or 3.17 

2.29-2.47 

Ft 

Pt-Ft 

2.378 

2.77; 2.838 

Pd 

Pd-Pd 

2.418 

2.788; 2.754 


Note: The second column under calculated distances (enclosed in brackets) gives 
distances wWeh are calculated upon the assumption of a definite but large volume for 
the ammoniiim group. 


tables (tBBSj 99) do not contain all of the comparisons of interatomic 
distances now possible but the additional data do not alter in any way the 
conclusions stated below. The radii from which these interatomic dis- 
tances have been calculated happen to have been based upon the cesium- 
to-iodine distance in cesium iodide (Csl) and the cesium-chlorine-iodine 
distance from cesium dichloroiodide (CsCljI); the choice of a different 
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standard would, however, have made no difference in the conclusions from 
the data. A comparison of the interatomic distances resulting from 
radiij rather than the radii themselves, has been offered because this pro- 
cedure should bring out more clearly any other relationships that may 
be inherent in the fundamental idea. The data of Table II show definitely 
that there is no constancy in atomic ^ radii. Nevertheless for large 
classes of isomorphous crystals composed of but two kinds of atoms there 
is a very close additivity of interatomic distances which can be expressed, 
if desired, in terms of constant “atomic radii*’ (for that group of crystals 
only). Furthermore these data seem to agree with the statement that 
the departure from a constancy of atomic radii becomes greater, the more 
the atomic environment in a crystal (meaning thereby the number and 
arrangement of other atoms about a single atom) differs from that of the 
crystals used in calculating the radii. In some instances this departure is 
negligible (Table I), in others it may amount to several tenths of an 
Angstrom unit. 

Crystal Structure and Magnetic Properties— The existing crystal 
structure data show conclusively that there is no direct connection be- 
tween the manner of arrangement of the atoms in a crystal and its mag- 
netic properties. Among the strongly ferro-magnetic metals (1919j 18), 
iron at room temperature is body centered in atomic arrangement, nickel 
is face centered, and cobalt is both face centered cubic and hexagonal 
closest-packed. The comparatively weakly paramagnetic chromium has 
the same atomic arrangement and nearly the same interatomic distance 
as iron; and diamagnetic copper is face centered like nickel and cobalt. 
When the magnetic properties of a Heussler alloy (1923 y 106) were changed 
by a suitable heat treatment, no alteration could be detected in its powder 
pattern. The apparent identity in crystal structure of alpha- and beta-iron 
(the latter not being ferro-magnetic) is in accord with these observations. 
The data on the Heussler alloy and the study of this inversion in iron 
indicate that a sharp change in the permeability of a substance need not 
be accompanied by a change in crystal structure. The same thing is 
shown for substances of variable composition by the fact that no differ- 
ence in diffraction pattern can be observed ^ for two pyrrhotites, one of 
which in containing a slight amount more of “dissolved*^ sulfur than the 
other had assumed ferro-magnetic properties. This absence of a con- 
nection between atomic arrangement and magnetic properties is very 
strikingly emphasized by the failure of diffraction measurements to give 
an indication of the existence of the intensely ferro-magnetic “permalloy 
amongst the iron-nickel series of alloys.^ 


1 From unpublished observations by H. E. Merwin, R. H. Lombard, and the writer. 
^ H- D. Arnold and G. W. Elmen, Jour. EVanki. Inst- 195 , 621 (1^23); { 1923 ^ 66). 
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Experiments have also been carried out to ascertain whether plac 
a crystal in a strong magnetic field has a detectable influence upon tlj 
crystal structure. They have proved: (1) that Laue photographs {1916, 
5a) of crystals of magnetite and hematite in and out of a field of 1000 
gauss are indistinguishable ; (2) that there is no observable change {19fo, 
10a; 1920, 17) in either the positions or relative intensities in- different 
orders when crystals of magnetite are put into a strong magnetic field; 
and (3) that the powder photograph of a Heussler alloy {1923, 106) was 
not altered by the presence of a field of 3500 gauss. 

The Study of Solid Solutions -X-ray diffraction data may be expected 
to be of great value in studying the nature of solid solutions and the 
conditions determining their formation. Powder photographs {1921, 84) 
of solid solutions of KCl and KBr, or KCl and NH4CI, and of K2SO4 and 
(NH4)3S04 agree with the supposition that the atoms of the dissolved 
substance (for instance 3 bromine atoms of KBr dissolved in KCl) have a 
random distribution throughout the solid. The two components of these 
mixed crystals have somewhat different molecular volumes^ and the 
observed dimensions of the unit cells of the solutions lie between those of 
their components. Similar phenomena are shown by numerous alloys 
(Chapter X) and by a majority of the minerals yet investigated. They 
definitely conflict with the view which has sometimes been advanced 
that mixed crystals are formed by the superposition of layers of the end 
member crystals. 

It has been ^ported {1923, 7) though no data have ever been pub- 
lished, that well-annealed alloys of copper-gold having the atomic com- 
positions 75% Cu— 25% Au and 75% Au— 25% Cu give lines in their 
powder photographs which indicate a regularity in the distribution of onS 
land of atom among the atoms of the other sort. These crystals would 
be essentially compounds; as such, a definite proof of their existence in 
a system of apparently complete and unbroken solid solution is much 
to be desired. It has also been -said {1922, 63) that the spacings of alloys 
of the compositions Ag5Au2, Ag^Aua and AgsAuj are not those to be expected 
from them as solid solutions. 

The two components which can form between themselves a complete 
series of solid solutions do not necessarily have the same manner of atomic 
arrangement. Thus nickel and iron form such a series at room tem- 
perature though pure iron is body centered and pure nickel is face centered 
cubic in atomic grouping. As a result of these observations it becomes 
necessary to distinguish among the various complete series of solid solu- 
tions, between the ones which are broken and those that are continuous. 
A complete series will be continuous if the two end-members have the same 
atomic arrangement. The nickel-iron series is the best-studied example 
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-r a complete series with end-members of different crystal structures; in it 
\^192S^ 66) a transition range was observed where two structures isomor- 
phous with either pure component are coexistent. The stabilities of the 
t '^0 arrangements are undoubtedly little different in this region and the 
specimens studied probably had not achieved equilibrium. 

In several instances partial miscibility has been observed between 
crystals with less closely related structures. Thus up to 35% of the 
copper atoms {1921 j 6; 1928, 7) can be replaced by zinc atoms (normal 
arrangement [d] of zinc is hexagonal) before there is a change from the 
crystal structure of copper (face centered cubic) ; and about 5% of copper 
atoms can be replaced by tin atoms before its face centered cubic group- 
ing becomes unstable {1923, 7). 

It has long been supposed that two crystals form solid solutions with 
one another only when their molecular volumes are similar. This is 
obviously equivalent to the statement that the corresponding inter- 
atomic distances in the two isomorphous end-members will be nearly 
the same. In a general v^ay the results of crystal structure studies con- 
firm this conclusion. Nevertheless it is readily seen that similarity in 
molecular volume (or interatomic distances) is not the factor which deter- 
mines the degree of solid miscibility of structurally isomorphous crystals. 
This is shown, for instance, by the following example: Metallic copper and 
metallic gold have face centered cubic arrangements of atoms with a 
nearest atomic approach of 2.55A° and 2.88A° respectively, and mix in all 
proportions in the solid state; but sodium and potassium chlorides, with 
identical atomic arrangements and with distances between nearest atoms 
of 2.81A° and S.ISA'^ are immiscible at room temperature. The molecular 
volume of the miscible gold is 44.4% greater than that of copper; that of the 
immisci|>le potassium chloride, on the other hand, is only 37.6% more 
than sodium chloride. 

These data suggest the intimate character of the information con- 
cerning solid solutions which can be obtained from X-ray diffraction 
measurements. At the same time it is evident that the few experiments 
yet made do not permit a definition Of the conditions requisite for the 
formation of solid solutions. Considerable information may be expected 
from the study of the atomic arrangements within a system of the solid 
solutions and compounds resulting from the interaction of two or more 
substances. These systems capable of being investigated, even in parts, 
are now probably limited to the simplest cases; but when methods of 
experimentation have been made more sensitive and when more is known 
of the conditions governing the arrangement of atoms in crystals, it will 
undoubtedly be possible to study the more interesting and complicated 
systems both of metals and of rock-forming oxides. 
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Besides the simple atomic replacements which have just been con- 
sidered and in which the atoms of one sort substitute for those of anothei 
one by one and haphazardly throughout the crystal, mixed crystals involv- 
ing dual replacements are sometimes encountered. In these less sunph 
solid- solutions atoms may not be thought of as entering in place of one 
another singly but in groups of two or more chemically dissiimlar atoma 
Perhaps the best known example of such a dual replacement is furmshed 
by the plagioclase feldspars (see page 413), which consist of a complete series 
of solid solutions between albite (NaAlSiaOs) and anorthite (CaAl2Si208). 
These feldspars must be imagined to arise from the simultaneous substi- 
tution of sodium and silicon atoms for calcium and a,luminum atoms. 
Whatever their structures may be the fulfilment of this substitution is 
demanded by what formerly wmuld have been called the valence relations 
of the molecule and might now be caRed the electrostatic stability require- 
ments of the crj^stal structure. A crystal of such a solid solution then wiU 
probably consist of a sjmmetrical and regular repetition of a grouping 
of atoms (a kind of molecule, perhaps) of one end-member -with similar 
groupings of the other end-member distributed irregularly throughout 
its structure. Acmite (HaPe^^^SigOe) and diopside (Ca]MgSi206) appear 
to form the same sort of solid solutions. It is to be anticipated that these 
dual solid solutions stiU more than the simple ones wiU arise only when 
the end-members have molecular volumes and shapes, and interatomic 
distances, that are closely alike. 

The Determination of the Direction of Crystal Orientation. — By pre- 
paring Laue photographs through thin metal foils {191S, 33; 1920, 46) 
it was early sho-wxi. that some information could be gained in this way 
concerning the previous history of the sheet. Thus it is not only possible 
to tell the size of the individual crystal grains in different preparations 
from the size of their diffraction spots, but the direction of working can 
frequently be deduced and the character of its heat treatment suggested. 
It was concluded from an examination of the patterns obtained from 
such organic fibres (191S, 44; 1914, 33) as hemp that the single crystals 
constituting a fibre have every possible orientation at right angles to its 
length. The photographs obtained from such a fibre can be treated as if 
they were produced by a single crystal rotated continuously about the 
zone axis which corresponds to the fibre axis. Fibre photographs have 
oeen produced from natural fibres, from hard-drawn metal wires (1922, 
^3) and from some organic crystals which have been pressed into rods 
[1921, 11). 

These experiments ‘ indicate the existence of two kinds of fibres — 
imple fibres and complex fibres (1921, 77). A simple fibre may be imag- 

‘ See particularly papers by M. Polanvi and others. 
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ined to arise from a parallel pacMng togetter of threadlike crystals which 
are always elongated in the same crystallographic direction. Some 
actual fibres are such groupings of individual needle-shaped crystals; 
others, hke hard-drawn metal wires, more probably are produced by 
actual glidings of planes of atoms in a single preferred direction. Complex 
fibres, in which there is more than one direction of fibring or elongation 
within the same fibre, are to be expected more commonly among materials 
produced by mechanical working. Dual fibres, as will be mentioned later, 
have been encountered in wires of metals having certain crystal structures. 

The individual crystals in ideal fibres are very numerous and so situated 
that they have a perfectly random distribution about the axis of fibring. 
The experimentally realized fibres often deviate from this ideal condition. 
These non-ideal fibres may arise either because they consist of too few 
crystals or because the crystals approach a tabular, as contrasted with a 
needle-like, habit and consequently tend to set themselves in certain 
preferred orientations. 

From the definition of an ideal simple fibre it is evident that the dif- 
fraction pattern produced by a beam of X-rays incident at right angles 
to the fibre axis will be identical -with that given by a single crystal rotating 
continuously about an axis coincident with the fibre axis. Complete fibre 
diffraction patterns can obviously be produced from non-ideal fibres by 
such rotations about their fibre axes. An identification of the atomic 
planes giving rise to each of the reflections in such a complete pattern 
can be obtained by the same procedure which was outlined for the analysis 
of the primary and secondary spectra in a reflection photograph from a 
single crystal (Chapter V). Once the crystaEographic direction of ihe 
fibre axis has been established in some manner, the gnomonic projection 
of the paths of important reflecting planes can be established in the cus- 
tomary fashion (page 167). The sort of pattern obtained by makin g 
powder photographs of fibres -will depend upon their orientations. K the 
X-ray beam travels along the fibre axis the individual crystal faces wp 
be distributed symmetrically about it and a typical powder pattern -will 
result; this photograph will, however, contain reflections only from planes 
in certain zones. If the fibre has any other relation to the incident X-rays, 
the haphazard arrangement of reflecting faces will no longer exist and the 
diffraction images will consist of a series of more or less elongated spots. 
Some detafls of the treatment of a fibre photograph will vary with the 
available information: If the direction of “fibring” is known from anal- 
ogies with other structures or from the crystallographic properties of the 
crystal the reflections can be identified from spacing measurements upon 
the photograph; if, on the other hand, the direction of fibring is not known 
it may be necessary to assume various simple directions as probable ones 
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until a pattern calculated therefrom agrees with that observed. A photo- 
graph from complex fibres will be a composite of the patterns from the 
several simple ones so that for identification it is necessary to assume that 
crystals in two or more orientations are present together; otherwise the 
interpretation is not different in principle from that for simple fibres. 
The actual elucidation of a complex fibre may, however, prove a time- 
consuming process. 

X-ray diffraction effects have been used in a few instances to determine 
the arrangement of the individual crystals in a body. Cellulose 
31; 1921, 52) and some organic crystals (1921, 11) having a pre- 
dominantly needle-like habit, have been found to yield more or less ideal 
fibre diagrams. The data from these have been employed (see page 420) 
to discuss either the crystallographic symmetry or the crystal structures 
of these substances. These diagrams have been used to study the arrange- 
ment of the crystals in metal wires and the effect of distortion upon metal 
pieces.^ It has also been found (1922, 73) that hard drawn wires from 
different metals become fibred in directions which are different for different 
crystal structures. Thus wires from tungsten, molybdenum or iron, with 
body centered cubic arrangements of their atoms, give simple fibres in 
which the dodecahedral (110) planes are normal to the axis of the wire; 
but wires of such face centered metals as copper, palladium and aluminum 
are dually fibred with both the cube (100) and the octahedral (111) planes 
normal to the wire axis. A rolled sheet of metallic molybdenum has 
dodecahedral planes (110) normal to the direction of rolling. 

Similar patterns from partially oriented crystals can be obtained from 
substances which have a distinctly platy cleavage. Compressed graphite 
gives such an approach to a fibre photograph. With these specimens it is 
usually more convenient to pass the X-rays parallel to the common (fibre) 
axis. If all of the minute plates composing the irradiated substance are 
strictly parallel to one another, then the resulting pattern wiU consist of 
a few concentric rings caused by reflections from the small number of 
planes in proper positions. By the use of the white radiation many more 
diffractions can be obtained, as in the case of Laue photographs. If the 
parallel plates do not have haphazard distribution about the axis normal 
to them the concentric diffraction rings will not be of equal intensity in all 
parts. 

The Determination of Density from Crystal Analysis. — The density 
of a crystal is related to the mass and volume of its unit cell by the relation 
(Chapter YII) 

mM 

P - —• 

^ See numerous papers by M. Poianyi and others. 
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Consequently if the structure and composition of a crystalline substance 
are known its density can be calculated. If the density is only roughly 
established from other sources, the fact that m in the preceding equation 
must be integral will fix its value; and X-ray spacing measurements com- 
bined with the crystallographic knowledge of the shape of a possible unit 
will permit a more accurate determination even though the atomic ar- 
rangement in the crystal has not been established. X-ray observations 
are ones of length and since they must be cubed to give the volumes which 
are inversely proportional to density, errors in them will appear cubed 
in the final determination. For this reason diffraction methods of obtain- 
ing densities are inherently inaccurate. It is obvious that a value found 
in this way is the density of the sample only in case the latter is composed 
of a single kind of crystal. If a material can thus be obtained pure it can 
be more accurately studied by careful pycnometer methods unless it is 
too finely powdered. If the individual crystalline particles of a powder 
are so extremely minute that they cannot be freed from adhering gas for 
pycnometric study, then their density could be most accurately established 
by the diffraction analysis; but it is doubtful whether any worth while 
physical significance attaches to such densities.” The usefulness of X-ray 
methods for establishing densities seems to lie essentially in the fact that 
the modera?tely accurate determinations which are immediate by-products 
of crystal structure studies can be used to replace many of the very approx- 
imate data that now exist. 

Data from a Study of X-ray Diffraction Effects at Different Temper- 
atures. — As yet little experimental work has been carried out at other 
than room temperatures. Some early Laue photographic {1914t 32) and 
spectrometric observations upon rock salt (1914} 5) showed that in accord- 
ance with prevailing theory the intensity of X-ray reflection becomes 
less at higher temperatures. Later experiments (19£Bj 7) agree in the 
main with this conclusion; anomalies that have been observed are prob- 
ably to be attributed to the presence of molecules within the crystals. 

Studies of different crystalline modifications of the same compound 
afford a means of deciding the relative stabilities of different atomic 
arrangements. Thus powder photographic studies of the ammonium 
halides suggest that the temperature range of stability for the body cen- 
tered ''cesium chloride arrangement” (Figure 178) may be lower than 
that of the “sodium chloride grouping” (Figure 167). Similar measure- 
ments upon iron indicate that a face centered cubic arrangement 
(Figure 148) for metals may be the high temperature form of a body- 
centered structure (Figure 147). Though high temperature measure 
ments themselves have not yet contributed to the conclusion, recent work- 
upon different forms of zinc sulfide and silver iodide makes it appear that 
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the hexagonal "zinc oxide structure” (Figure 170) corresponds^to a lower 
temperature range than does the cubic "zinc sulfide grouping of atoms 

(Figure 174). 

Recent spectrometer measurements 7) have been carried out 

upon several crystals, up to temperatures of about 900 C. The resulting 
data from aluminum (Figure 208) and the other crystals examined show a 



Fig. 208. — Curves showing the decrease in intensity with increase in temperature of 
certain X-ray reflections from aluminum. The expected decrease, calculated ac- 
cording to the theory of Debye, is shown by the dotted lines. 

clearly defined decrease in intensity of reflection with increase in temper- 
ature. For aluminum, and for carborundum, CSi (Figure 209), the 
decrease is much greater at large than at small angles of reflection. This 
is to be expected from crystals which do not contain molecular groupings 
of atoms. The amount of this decrease at large angles is, however, very 
much more than present theories require. For the diamond on the other 
hand all effects of temperature were much less than anticipated; in fact 
the maximum observed changes scarcely exceeded the experimental error. 
The differences between the K-a and K-/S curves for 111(3) of CSi suggest 
that, contrary to theory, the wave length of the reflected X-rays is of 
importance. The change of angle of X-ray reflection from the basal plane, 
(00.1), of graphite between room temperature and 850 corresponds to 
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an average coeflS.cient of expansion of 26.7 X lO"®. The average linear 
coefficient of expansion of a rod of Acheson graphite ^ is only about 1/14 
of this value: 1.91 X as measured over the range between 0® and 
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Fig. 209 . — Curves showing the decrease in intensity with increasing temperature for 
various orders of reflection from the (111) plane of carborundum. For 111 (3) the 
open circles are for the K-a radiation, the black circles for the K-fi line of molybdenum 

ft 

1500°C. This suggests that, on heating, graphite may even contract in 
directions other than that of its priacipal axis. If this is correct the 
measured linsaT coefficient of expansion should not be the same for different 
specimens of graphite which are neither perfectly platy in structure (and 
thus oriented with respect to the ha&e) nor perfectly haphazard arrange- 
ments of individual crystals. Experiment actually seems to show a large 
measure of variations. 

Measurements from corundum (AI2O3) are of especial interest in show- 
ing (Figure 210) that the intensity of reflection from 111(1) falls off more 
rapidly with increasing temperature than does the reflection from 111(2). 
It is stated that this apparent anomaly can be explained on the assumption 
that the distance between the aluminum atoms remains constant as the 
crystal as a whole expands. Whether or not this is the correct or the 
entire explanation of the data from AI2O3, such measurements of the changes 
of crystal structure on heatmg will be very important in offering a possible 
experimental method for detecting molecular and sub-molecular groupings 
of atoms. 

The probable effect of increasiug temperatures upon the amount of 
general scattering from a crystalliae body has already been discussed 
(page 372), and it was pointed out that observations upon this scattering 

1 A. L. Day and R. B. Sosman, Jour. Wash. Acad. Sci. S, 284 (1912). 
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made in the neighborhood of the melting point may also give indications 
of the existence of molecules in crystals. 

High temperature measurements will be needed when attempts are 
made to extend down to room temperatures such phase rule systems as 



are encountered among alloys and the silicates. An assurance of the 
usefulness of this method of approach is given by the observation that a 
number of supposed solid solutions, though continuing to be optically 
homogeneous at room temperatures, #have actually unmixed during the 
process of cooling (see, for instance, the klino-enstatite — diopside series 
mentioned on page 418). 

Mineralogical Applications of Diffraction Data. — The beginnings have 
already been made in an attack upon mineralogical problems using X-ray 
diffraction methods. Besides fairly extensive measurements on feldspars 
and pyroxenes, powder and unanalyzed Laue photographs (especially 1914, 
25a; 1916, 13, 14, 15, 16) have been described from numerous minerals. 
The studies on neither the feldspars nor the pyroxenes, as reported here, 
are yet satisfactory or reasonably complete; and no effort is made in 
presenting these results to do more than list them in the attempt to indicate 
how largely an adequate study by X-ray diffraction methods would help 
to clarify and expand the existing knowledge of minerals. 

Feldspars . — The feldspars are a group of minerals with the general 
compositions B'AlSisOg and R"AhSia08, where R' is usually potassium 
or sodium and R" is one of the alkaline earth elements- It has been 
customary to consider that at least some of these substances are dimor- 
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phous, crystallizing sometimes with monoclinic and sometimes with 
triclinic symmetry. The compositions of the most important feldspars 
are shown in Table III. 

Table III. The Symmetry and Composition of the Principal Feldspars 


Monoclinic Feldspabs 

N^ame Composition 

Orthoclase, and possibly another monoclinic modification KAiSisOa 

Possibly a sodium feldspar isomeric with albite NaAlSijOs 

Celsian BaAbSiaOs 

Supposed solutions between (1) orthoclase and the monoclinic isomer of 
albite and (2) between celsian and orthoclase 

Tbiclinic Feldspars 

Albite, and possibly another triclinic modification NaAlSisOg 

Anorthite CaAbSisOs 

Microcline K AlSijO § 

Solid solutions between albite and anorthite 


Most important among the several series of solid solutions and sup- 
posed solid solutions that have been recognized are the plagioclase feld- 
spars, which consist of a complete series of solutions between albite and 
anorthite. In this typical case of a ^'dual replacement one sodium and 
one silicon atom together and in equivalent amounts replace one calcium 
and one aluminum atom; the resulting solutions have therefore the com- 
position (Na^Six) (Cai^x-^i-x) AlSbOg, where x lies between zero and unity. 
Minerals which in composition are mixed crystals of the potash and soda 
feldspars are frequently encountered. Many of them (the perthites and 
micro-perthites), however, exhibit a structure which suggests that they 
are intergrowths of the pure components rather than true solutions; but 
in other specimens the optical homogeneity of the minerals is complete. 
Another important series of supposed solutions is a “dual replacement^^ 
between celsian and orthoclase. 

The X-ray diffraction patterns of the feldspars have not yet been 
completely studied but the data already available shed light upon several 
of the problems they present. One {1920, 29) of the two investigations, 
made with Laue and powder photographs, is reported in such meagre 
detail that its data are of limited usefulness; the same criticism does not 
apply to the other study {1921, 62). It is said {1920, 29) that the Laue and 
powder photographs of monoclinic and 'twinned triclinic feldspars are 
identical. If this is true then all the feldspars would be triclinic in sym- 
metry — those which have previously been classified as monoclinic being 
presumably sub-microscopic polysynthetic twins. This identification of 
the monoclinic with the triclinic feldspars is not, however, in complete 
agreement with existing knowledge from other sources. Thus, for in- 
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stance, orthoclase ^ exhibits a well-defined optical inversion at about 900"^C 
but attempts to produce similar effects in microcline have failed. In the 
face of such facts as this it is necessary to require evidence much more 
convincing than that now available before the non-existence of the mono- 
clinic feldspars can be considered to have been proved. 

The diffraction patterns of albite and anorthite are very much alike 
(1920, 29). Nevertheless the photographs from plagioclases are said to 
be intermediate between those of the two pure compounds and to grade 
from one to the other in the continuous fashion characteristic of an un- 
broken series of solid solutions. While there is no reason to doubt the 
correctness of this conclusion, the plagioclase feldspars are so important 
a series of minerals that more adequate data are much to be desired. ^ It 
is also reported that their diffraction data show that orthoclase and celsian 
form a series of true solid solutions analogous to the plagioclases. This 
agreement with earlier surmises does not, however, extend to the apparent 



Fia, 211. — tracing of a Laue photograph, of moon-stone showing the doubling of the 
spots in certain zones (after Kozu), 

solid solutions of the potash and soda feldspai's. An orthoclase (1921 , 62) 
which contained about 23% of the (NaAlSisOg) molecule in its composition 
gave Laue photographs in which the spots of certain zones were doubled 
(Figure 211). A similar doubling was observed from other potash-soda 

^H. E. Merwin, Jour. Wash* Aqad, Soi. 1, 59 (1911). 
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feldspars with a still higher soda content. This phenomenon^ indicative 
of the presence of more than one component in the crystal, is perhaps to 
be accounted for by the ^^paralleP^ intergrowth of two crystalline types 
with almost the same symmetry properties. Another orthoclase {1921^ 
62) containing only 9% of the (NaAJSigOg) molecule gave a simple Laue 
photograph; the existing data do not establish whether this is a proof of a 
limited miscibility of albite and microcline at room temperature or whether 
under the experimental conditions the pattern of an albite-like component 
may merely have been too faint to be detectable. 

Some interesting results {1921, 62; 1923, 57a) have arisen from a series 
of Laue photographs of orthoclase and of a moonstone [(K,]Sra)AlSi 30 g)] 
quenched after heating at temperatures up to 1200°C. The photographs 
of the orthoclase without heat treatment and after it had been held for 
several hours at 1080‘^C (and then quenched) were identical; in view of the 
slowness with which these substances usually invert, this observation 
probably means that no atomic rearrangement takes place in a potash 
feldspar between room temperature and 1080°C. Such a result is sur- 
prising because orthoclase subjected to such a heat treatment as that 
described above undergoes a change in its optical properties which can be 
preserved by quenching the high temperature product. Additional ex- 
periments are needed before the suggestion {192S, 57a) can be accepted 
that this optical inversion, presumably unaccompanied by any shift in 
atomic positions, is to be attributed to some sort of atomic inversion (or 
electron rearrangement). At room temperature the moonstone exhibits 
a pronounced doubling of its Laue spots (Figure 211). With increasing 
temperatures the components of the double spots approach one another 
until they finally merge (=^ llOO^C). In Figure 212 the distance apart 
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Fig. 212. — A. curve showing the way in which the distance between the individuals of 
a doubled spot (Fig. 211) varies with temperature. 

of these spots is plotted against temperature. The shape of this curve 
combined with the observed change in the relative intensities of the two 
spots of a pair suggests that above 500°C the potash and soda feldspars 
become miscible to a greater and greater extent as the temperature is 
increased. 
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The schillarization (a sort of opalescence) exhibited by the moon- 
stone (1921, 62) follows roughly the relative intensities of the two com- 
ponents of a spot; it vanishes entirely" at about the temperature where 
the two patterns merge. In the light of these experiments the phenomenon 
is most simph' explained as the result of interference effects arising between 
the minute crystals of the two unmixed soda-rich and potash-iich 
phases. 

The apparent results of X-ray diffraction studies of the feldspars can 
be summarized somewhat as follow^s: The complete and unbioken series 
of solid solutions of the triclinic soda and potash feldspars (the plagio- 
clases) and also of the monoclinic potash and baryta feldspars have been 
explained as double atomic replacements. A partial investigation has 
been made of the supposed solid solutions between soda and potash feld- 
spars and it has been shown that ^^schillarizing’^ feldspars give at ordinary 
temperatures double Laue patterns one of which gradually" fades out and 
merges into the other with rising temperature. The presence of this 
double pattern is indicative of the existence of two crystalline phases. 
From inade(4uate powder and Laue photographic data the conclusion has 
been reached that twinning of subniicroscopic triclinic crystals has pro- 
duced the monoclinic properties of the potash feldspar orthoclase. 


T^le IV. The Ceystallographic Classification of the Most Important 

Pyroxene Minerals 

Composition 

Orthorhombic Pyroxenes 
Enstatite MgSiOa 

Hyperstheae (Mg, Fe) SiO< 

Monoclimc Pyroxenes 


Kiino-enstatite 

Dioj^ide 

Hedenbergite 

Augite 

Acmitc 

Jadeite 

Spodumeae 

Alamos! te 

Wollastoalte (?) 

Pectolite (?) 


MgSiOj 
CaMg (Si03)2 
CaFe &iOz)2 

Ca (Mg, Fe'O (8103)2 4- x(Al, 

NaFe'" (8103)2 

NaAl (8103)2 

LiAl (8103)2 

PbSiOs 

CaSiOa 

NaO.4CaO.6SiO2.H2O 


Triclinic Pyroxenes 


Wollastonite (?) 

Pectolite (?) 

ShizoMte 

Rhodonite 

Biistamite 

Babingtonite 

Pyroxinangite 


CaSiOs 

Na2O.4CaO.6SiO2.H2O 
Na20.4 (Ca, Ma)0.6Si02.H20 
MnSiOa 
(Ca, Mn)Si03 

4x(Ca, Mg, Fe", Na.., H2)0.yFe"0(Al, Fe"02O3.4SiO2 
4x(Ca, Fe", Mn, H2)0.y(Fe"0.Al203).4Si02 
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Pyroxenes .'^ — number of metasilicates which can be given closely 
related symmetry characteristics are commonly grouped together as 
pj’Toxenes. The most important of these, as they have usually been 
classified, are stated in Table IV. Besides the compounds listed in this 
table, numerous solid solutions between them are known. 

Powder photographs of typical members of this group of minerals 
bring out various structural relationships between them and disturb the 
outlines of the classification of Table IV. Thus enstatite and Mino- 
enstatite yield identical diffraction patterns. Inasmuch as klino-enstatite 
is unquestionably monoclinic it seems necessary to conclude that both 
enstatite and hypersthene have monoclinic s^unmetry; their apparent 
orthorhombic characteristics are probably the result of an intimate poly- 
synthetic twinning. 

An examination of the patterns from numerous pyroxene-like minerals 
has led to the results collected in Table V. The very large differences 

Table V. Results fbom Powder Photographs of the Pyroxenes 

L ETno-eHStatite t 5 ^e of structure 
Enstatite or Klino-enstatite 
Hypersthene 

2. Diopside type of structure 

Diopside 

Hedenbergite 

Acmite 

Jadeite 

Augites. No evidence has been found in the diffraction patterns concerning 
the ferric iron and aluminum they contain. 

Solid solutions between (1) diopside and hedenbergite and similar solutions 
containing manganese, (2) acmite and jadeite and (3) probably between acmite, 
diopside and hedenbergite. 

3. Rhodonite type of structure 

Rhodonite 

A rhodonite containing about 8% CaO in solid solution. 

4. Wollastonite type of structure 

WoUastonite 
Bustamite 
PectoHte (probably) 

Mangano-pectolite ( =*= 4% MnO) 

Shizolite (=*=13% MnO) 

Possibly babingtonite (?) 

5. Spodumene type of structure 

Spodumene the only example 

6. Alamosite type of structure 

Alamosite the only example 

7. Pyroxmangite type of structure 

Pyroxmangite the only example 

^ The diffraction experiments upon crystals of the pyroxene group have not yet been 
described in detail. They were briefly reported upon at the December 1923 meeting 
of the Mineralogical Society by H. E. Merwin, H. S. Washington and the writer. 
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that exist between the patterns of the most commonly occurring types of 
structure are shown bj' the tracings of Figure 213. 


. i ..III.. 1. 



Diopside 

' 1 1 1 1 1 1 1 1 1 < 

nil .1 



Enstatite 

l> 1 ll 1 

1 t f t i i 1 i i i 



WollastDnite 

ill 1 1 1 1 1 1 1 

iill 



Rhodonite 

1 .1 II 


Fig. 213 .— a tracing of the strongest lines in powder photographs of the most fre- 
Quentlv occurring pvroxenic types. For each, of these four diagrams the abscissas 
are proportional to Stance on the film, the heights of the lines measure their esti- 
mated relative intensities. 

Klino-enstatite and diopside have been considered to exhibit a com- 
plete series of solid solutions. The superposition of the patterns of en- 
statite and diopside in the photographs from such “solutions” suggests 
that they have quite completely unmixed before reaching room tem- 
peratures. 

One of the most interesting results of such measurements as these 
upon the pyroxenes lies in the data they offer concerning the effects upon 
the absolute dimensions of the substitution of an atom of one kind for one 
of another sort. It has already been mentioned (see page 360) that in 
crystals of dolomite ferrous iron can replace magnesium with practically 
no change in crj’stal size. The data from the pyroxene photographs 
confirm this fact and will furnish much additional information concerning 
the effects of atomic substitutions. 

The Uses of X-ray Diffraction Patterns for Purposes of Identification 
and Analysis. — In many instances X-ray diffraction data will be of the 
utmost value not only as a means of qualitative analysis but for the 
purpose of semi-quantitative estimation as well. At least for the present, 
however, these uses are mostly limited to cases which cannot be adequately 
handled by the more completely developed and more sensitive microscopic 
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technique. The microscope fails to function within the realm of possible 
uses of X-ray measurements for analysis in two cases: (1) in the exami- 
nation of opaque materials, and (2) when the sizes of the individual 
crystals become indiscernibly small. 

Powder photographs are the only diffraction observations which can 
find any wide use in the fiield of analysis. In principle the procedure 
underlying their use is the same as that followed in applying the methods 
of ordinary spectroscopy: The lines of the expected known substance are 
sought amongst those of the unknown material. There is, however, this 
essential difference that in emission spectroscopy, both with light and 
X-rays, the spectra of the chemical elements alone are obtained (except 
for a few chemical compounds in the flame and arc) but every chemical 
compound in the crystalline state gives one or more X-ray diffraction pat- 
terns. This enormous multiplicity of powder patterns combined with the 
comparatively low degree of accuracy with which the positions of their 
lines can now be established requires that the greatest care be exercised 
in their use. A number of instances have already been encountered 
which make it clear that it is only safe to conclude that a crystalline in- 
dividual is present if its spectrum is entirely duplicated not only in the 
positions but in the relative intensities of aU lines in the unknown spec- 
trum. The limits of detection of crystal species will depend upon such 
factors as the excellence of the pattern produced by each of the crystalline 
components of the unknown, their relative amounts and the amount of 
amorphous or glassy material present. These limits have not been eval- 
uated but it is known that the method is unsuited for small amounts. 
For example in mixtures of two oxides of the same element, it was found 
impossible to detect with, certainty less than 10% by weight of one in the 
presence of 90% of the other. 

Powder photographs have been used in analysis in relatively few in- 
stances. As an illustration of their usefulness it was shown (191 9 j 19) 
that a mixture of potassium fluoride (KF) and sodium chloride (NaCl) 
could be easily distinguished from a mixture of sodium fluoride (NaF) 
and potassium chloride (KCl). Similarly chalcedony (19^2, 94) has been 
shown to contain quartz rather than either cristobalite or tridymite. It 
was also shown that ordinary raw flint is essentially quartz, but flint which 
has been burned becomes cristobalite. Tungsten trioxide (WO3) and its 
hydrates (1922, 22) of the apparent compositions H2WO4 and H4WO5 give 
different powder patterns; similarly M0O3 and H2M0O4 yield different 
patterns. Powder photographs (192S, 22) have also been used to study 
the products which result from the firing of kaolin. It is said that when 
kaolin is heated to 700*^0 it is decomposed with the formation of largely 
amorphous material; at higher temperatures sillimanite is supposed to be 
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produced. Cotton and’ ramie fibres and wood cellulose 31; 1921^ 

52) give powder patterns whicli the few available data indicate to be 
identical. This would mean that the crystals of different kinds of cellulose 
undoubtedly have the same size and shape; it is impossible, however, to 
say how urdike the atomic groupings may be within their molecules. A 
few analytical uses of diffraction data in the field of mineralogy have 
already been mentioned. 

The random observations that have just been recounted will serve 
to illustrate different types of problems towards the solution of which 
diffraction analysis may contribute. It must be expected that this range 
will be enormously increased as methods are improved and attempts to 
use them are multiplied. 

No detailed use of diffraction observations for quantitative estimations 
has yet been described. The amount of a substance present in a mixture 
could probably be approximately established by recording the relative 
intensities of suitable lines in a series of mechanical mixtures of the con- 
stituents under investigation and photometering the unknown material 
in the light of this calibration. The procedure, while a feasible one, is 
sufficiently inconvenient so that it would be employed only when the more 
usual methods cannot be applied. 
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Appendix I. A Bibliography of Crystal Structure 

Data 

The following bibliography (containing all pertinent items which have 
come to the writer’s attention np to January 1, 1924) is intended to supply 
a list of papers describing methods and results of crystal analysis. Dis- 
cussions of the theory of such methods will be included as well as those 
more speculative uses of crystal structure data which seem either sub- 
stantially valuable or of historical interest. Whenever possible the refer- 
ences have been checked against the original articles; but in many instances 
only abstracts have been available. An effort towards entire complete- 
ness has been made only in the direction of listing all papers containing 
X-ray diffraction data not used for spectroscopic purposes. The titles 
assigned have not been compared with the original articles; they have 
come from several sources and some are undoubtedly inexact. Only the 
names of books have been retained in their original languages. 

Year 1912 

1. Bragg, W. H. The Reflection of X-rays, Nature 90, 219 (1912). 

2. Bragg, W. H. Crystal Space Lattices, Nature 90, 360 (1912). 

3. Bragg, W. H. Nature 90, 572 (1912). 

4. Bragg, W. L. The Specular Reflection of X-rays, Nature 90, 410 
(1912). 

5. Friedrich, W., Knipping, P- and Laxjb, M. Interference Phenom- 
ena with X-rays, Ber. bayer. Akad. Wiss. (Math-phys. Kl), 303 (1912). 

6. Laub, M. a Quantitative Proof of the Theory of the Interference 
Phenomena with X-rays, Ber. bayer. Akad. Wiss. (Math-phys. Kl), 363 
(1912). 

7. Stark, J, The Scattering and Absorption of X-rays in Crystals, 
PhysikaL Z. IS, 973 (1912). 

Year 1913 

1. Allen, H. S. Diffraction Patterns from Crystals, Nature 91, 268. 

2. Bragg, W. H. X-rays and Crystals, Engineering 90, 422. 

3 Bragg, W. H. X-rays and Crystals, Nature 91, 477. 

4. Bragg, W. H. The Reflection of X-rays by Crystals, Proc. Roy. 
Soc. A. 89, 246. 

5. Bragg, W. H., and Bragg, W. L. The Reflection of X-rays by 
Crystals, Proc. Roy. Soc. A. 88, 428. 

6. Bragg, W. H., and Bragg, W. L. The Structure of the Diamond, 
Nature 91, 557; Proc. Roy. Soc. A. 89, 277, 

7. Bragg, W. L. The Diffraction of Short Electromagnetic Waves by 
a Crystal, Proc. Cambr. Phil. Soc. 17, 43. 
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Year 1913 

8. Bbagg, W. L. The Structures of Some Crystals as Indicated by 
their Diffraction of X-rays, Proc. Eoy. Soc. A. 89, ^8. 

9. dbBroglie, M. Photography of X-ray Spectra, Verh. deut. phys. 
GeselL 15, 1348; Compt. rend. 157, 924. 

10. deBroglib, M. Multiple Images by X-rays after Traversing a 
Crystal, Compt. rend. 156, 1011. 

11. deBroglie, M. Reflection of X-rays, Compt. rend. 156, 1153. 

12. deBrogleb, M. The Spectrum of X-rays, Compt. rend. 157, 1413. 

13. deBroglie, M. Diffraction and Reflection of X-rays, Compt. 
rend. 156, 1753. 

14. deBroglie, M. X-rays and Crystals, Le Radium 10, 186, 245. 

15. deBroglie, M. The Reflection of X-rays, Nature 91, 161. 

16. deBroglie, M. X-ray Interference Patterns, Physikal. Z. I 4 , 994. 

17. Brunet, L. The Nature of X-rays and the Reticular Structure 
of CrystaUine Substances, Rev. gen. sci. S4, 101. 

18. Debye, P. The Effect of Thermal Movements on the Interference 
Phenomena of X-rays, Verh. deut. phys. GeseU. 15, 678. 

19. Debye, P. X-ray Interference, Verh. deut. phys. GeseU. 15, 738. 

20. Debye, P. Spectral Analysis of X-radiation by Means of Reflec- 
tion and Heat Motion, Verh. deut. phys. GeseU. 15, 857. 

21. Debye, P. Interference of X-rays and Heat Motion, Ann. d. 
Physik 4^, 49. 

22. Ewald, P. P. The Theory of X-ray Interference, Physikal. Z. 
U, 465. 

23. Ewald, P. P. X-ray Patterns of Triple Symmetry, Physikal. Z. 
U, 1038. 

24. Priedel, G. Diffraction of X-rays and CrystaUine Symmetry, 
Compt. rend. 157, 1533. 

25. Friedel, G. General Law of the Diffraction of X-rays by Crys- 
tals, Compt. rend. 156, 1676. 

26. Friedrich, W. X-ray Interference Phenomena in Non-crystalUne 
Bodies, Physikal. Z. 14 , 317. 

27. Fbiedeich, W. Interference of X-rays, Physikal. Z. I4, 1079. 

28. Friedrich, W. Interference Phenomena of X-rays and the Space 
Lattice of Crystals, Zeit, f. Krist. 52, 58. 

29. Friedrich, W., Knipping, P., and Laue, M. Interference Phe- 
nomena with X-rays, Ann. d. Physik 4 I, 971; Le Radium 10, 47. 

30. Herweg, J. X-ray Diffraction in Gypsum, Physikal. Z. I 4 , 417. 

31. Hupka, E. Reflected X-rays, Nature 91, 268. 

32. Hupka, E. X-rays and Crystals, Verh. deut. phys. GeseU. 15, 369. 

33. Keene, H. B. The Transmission of X-rays through Metals, 
Nature 91, 607. 

34. Knipping, P. The Passage of X-rays through Metals, Physikal. Z. 
14, 996. 

35. Laue, M. A Quantitative Proof of the Theory of the Interference 
Phenomena with X-rays, Ann. d. Physik 4I, 989. 

36. Laue, M. Three-fold Symmetry of X-ray Photographs from 
R^ular Crystals, Ann. d. Physik 42, 397. 

37. Laue, M. The Influence of Temperature in X-ray Interference, 
Ann. d. Physik 4 ^, 1561. 
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Year 1913 

38. Latte, M. The Eeflection of X-rays, Physikal. Z. 14, 421. 

39. LauE; M. Optics of Space Lattices, Physikal Z. 1040. 

40. Laue, M. Interference Phenomena of X-rays, Physikal Z. 14^ 
IO 7 L 

41. Laije, M. Optics of Space Lattices, Physikal Z. 14j 1286. 

42. Laue, M., and Tank, F. The Form of X-ray Interference Pat- 
terns, Ann. d. Physik 4^) 1003. 

43. VAN DER Lingen, J. S. The Molecular Structure of Liquid Crys- 
tals, Verh. deut. phys. Gesell 15, 913. 

44. Nishikawa, S., and Ono, S. The Transmission of X-rays through 
Fibrous, Lamellar and Granular Substances, Proc. Math. Phys. Soc. 
Tokyo 7, 131. 

45. Ornstein, L. S. Diffraction of Electric Waves by a Crystal, 
Proc. Roy. Acad. Sci. Amsterdam 15, 1271. 

46. Ornstein, L. S. Interference of X-rays, Physikal Z. 14j 941. 

47. Ornstein, L. S. Optics of Space Lattices, Physikal. Z. 14} 1229. 

48. Salmone, R. W. a. Experiments on the Reflection of X-rays, 
J. Rontgen. Soc. 9, 98. 

49. Stark, J. The Reflection of X-rays, Physikal. Z. I 4 , 319. 

50. Terada, T. X-mys and Crystals, Nature 91, 135. 

51. Teraba, T. The Transmission of X-rays through Crystals, Proc. 
Math. Phys. Soc. Tokyo 7, 60. 

52. Tutton, A. E. H. Great advance in Crystallography, Chem. 
News 107, 277, 289, 301; Nature 91, 490, 518. ^ 

53. Wagner, E. Experimental Contribution to the Interference of 
X-rays, Physikal Z. jf^ 1232 (with R. Glocker). 

54. WuLFF, G. The Principles of Crystal Roentgenography, Centr. 

Min. Geol (1913), p. 2601. ... . . 

55. WuLFE, G. The Crystallographic Significance of the Paths of 
X-rays bent by a Crystal Plate, Zeit. f. Krist. 5^, 64. ^ 

56. WuLFE, G. The Interference of X-rays, Physikal Z. 14} 217. 

57. WuLFF, G., and Uspenski, N. The Interference of X-rays, Phys- 
ikal Z. 14} 785. 


Year 1914 

1. Barlow, W. The Interpretation of the Indications of Atomic 
Structure presented by Crystals interposed in the Path of X-rays, Proc. 

Roy. Soc. A. ^7, 1. , -t / , 

2. Born, M. The Space Lattice of the Diamond, Ann. d. Physik 44 , 

605. . , ^ 1 

3. Bragg, W. H. The Influence of the .Constituents of the Crystal 

on the Form of the Spectrum in the X-ray Spectrometer. Proc. Roy. Soc. A. 
89, 430. 

4. Bragg, W. H. X-ray Spectra given by Sulfur and Quartz, Proc. 

Roy. Soc. A. 89, 575. , . t 

5. Bragg, W.H. The Intensity of Reflection of X-rays by Crystals, 

Phil Mag. 27, 881. 

6. Bragg, W. H. X-ray Absorption Band, Nature 98, 31. ^ 

7. Bragg, W. H. X-rays and Crystalline Structure, Science 

795 . 
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Yeas 1914 

8. Bragg, W. H. X-rays and Crystalline Structure, Engineering 97, 

814. 

9. Bragg, W. L. A Note on the Interference Patterns of Hemi- 
hedral Crystals, Physikal. Z. 15, 77. 

10. Bragg, W. L. The CrystaUine Structure of Copper, Phil. Mag. 

28 355 

' 11. Bragg, W* L. The Reflection of X-rays, Jahrb. Radioakt. Elek- 
tronik 346. 

12. Bragg, W. L. The Analysis of Crystals by the X-ray Spectrom- 
eter, Proc, Roy. Soc. (London) 89Ay 468. 

13. DE Broglie, M. X-ray Spectra, Compt. rend. 158^ 177. 

14. Canac, P. Crystallography, Compt. rend. 159, 405. 

15. Darwii^, C. G. X-ray Reflection, Phil. Mag. 27, 315. 

16. Darwin, C. G. X-ray Reflection, II, Phil. Mag. 27, 675. 

17. Ewald, P. P. The Symmetry of Graphite, Ber. bayer. Akad. 
Wiss. (Math-phys. KL), p. 325 (1914). 

18. Ewald, P. P. The Intensity of Interference Spots with Zinc 
Blende and the Zinc Blende Grating, Ann. d. Physik 257. 

19. Ewald, P. P. Crystal Structure from Interference Photographs by 
X-rays, Physikal. Z. 15, 399. 

20. Ewald, P. P., and Friedrich, W. X-ray Spectra of Cubic Crys- 
tals, especially of Iron Pyrite, Ann. d. Physik 4 . 4 ^ 1183. 

21. Friedel, G. Crystalline Structures revealed by Diffraction of 
X-ra 3 "S, Compt. rend. 168, 130. 

22. Friedrich, W. The Influence of Hardness of the X-ray Bulb on 
Interference Effects with Crystals, Verb. deut. phys. Gesell. 16, 69. 

23. Friedrich, W. The Influence of the Hardness of an X-ray Bulb 
on the Interference Patterns of Crystals, Ann. d. Physik 44 , 1169. 

24. Glocker, R. The Interference of X-rays, Physikal. Z. 15, 401. 

25. Haga, H., and Jaeger, J. M. X-ray Patterns of Boracite obtained 
above and below its Inversion Temperature, Proc. Roy. Acad. Sci. Am- 
sterdam 16, 792. 

25a, Haga, H., and Jaeger, J. M. On the Real Symmetry of Cor- 
dierite and Apophyllite, Proc. Roy. Acad. Sci. Amsterdam 17, 430. 

26. JoHNSEN, A. The Space Lattice of Calc-spar, Physikal. Z* 15, 
712. 

27. Keller, E. X-rays and the Structure of the Diamond ‘Crystal, 
Ann. d. Physik 46, 157. 

28. Kern, J. The Question of the Intensity Distribution in the X-ray 
Interference Photographs, Physikal. Z. 15, 136. 

29. Laije, M. The Visualization of the Space Lattice of Crystals by 
X-rays, Fortsch. Min. Krist. Petr. 4 , 43. 

30. Laue, M. Interference Effects with X-rays and Crystal Gratings, 
Jahr. Eadioakt. Elektronik 11, 308. 

31. Laue, M. The Interference Effects with X-rays, Festschrift der 
Dozenten der TJniversitat Zurich (1914). 

32 . Laue, M., and van der Lingen, J. S. The Debye Effect, Physikal. 
Z. 15, 75. 

33. XiSHiKAWA, S. Spectrum of X-rays obtained by Means of Lamel- 
lar or Fibrous Substances, Proc. Math. Phys. Soc. Tokyo 7, 296. 
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Year 1914 

34. Owen, E. A., and Blake, G. G. X-rays and Metallic Crystals, 
Nature 92, 686. 

35. ScHRODiNGER, E. The Sharpness of X-ray Interference Bands, 
Physikal. Z. 15, 79. 

36. ScHRODiNGER, E. The Debye Effect, Physikal. Z. 15, 497. 

37. Strong, W. W. X-ray Diffraction Patterns, Science Jf.0, 709. 

38. Terada, T. Deformation of Rock Salt Crystals, Proc. Math. 
Phys. Soc. Tokyo 7, 290. 

39. Terada, T. The Molecular Structure of Common Alum, Proc. 
Math. Phys, Soc. Tokyo 7, 292. 

Year 1915 

1. Bragg, W. H. X-rays and Crystal Structure, Phil. Trans. Roy- 
Soc. 215, 253. 

2. Bragg, W. H. The Structure of the Spinel Group of Crystals, 
Nature 95, 561; Phil. Mag. SO, 305. 

3. Bragg, W. H. X-rays and Crystals, Engineering 99, 369. 

4. Bragg, W. H., and Bragg, W. L. X-rays and Crystal Structure 
(London, 1915). Several subsequent reprintings. 

5. Compton, A. H., and Bragg, W. H. The Distribution of the 
Electrons in Atoms, Nature 95, 343. 

5a. Compton, K. T., and TROtrsDALE, E. A. The Nature of the 
Ultimate Magnetic Particle, Phys. Rev. 5, 315. 

6. De^ye, P. The Scattering of X-rays, Ann. d. Physik 4^, 809. 

7. Ehrenpest, P. Interference Phenomena to be expected when 
X-rays pass through a Diatomic Gas, Proc. Roy. Acad. Sci. Amsterdam 
17, 1184. 

8. Ehrenpest, P. Capillarity Theory of Crystalline Form, Proc. 
Roy. Acad. Sci. Amsterdam 18, 173. 

9. Ehrenpest, P. Capillarity Theory of Crystal Structure, Ann. d. 
Physik 4^, 360. 

10. Glocker, R. Crystal Structure and Interference of X-rays, 
Ann. d, Physik 47, 377: 

11. Haga, H., and Jaeger, F. M. The Symmetry of X-ray Patterns of 
Trigonal and Hexagonal Crystals, Proc. Roy. Acad. Sci. Amsterdam 18, 
542. 

12. - Haga, H., and Jaeger, F. M. The Symmetry of X-ray Patterns 
of Rhombic Crystals, Proc. Roy. Acad. Sci. Amsterdam 18, 559. 

13. Hauer, F. Model for the Illustration of X-rays and Interference 
Phenomena, Zeit. f. Krist. 54, 458. 

14. Jaeger, F. M. New Phenomena accompanying the Diffraction 
of X-rays in Birefringent Crystals, Proc. Roy. Acad. Sci. Amsterdam 17, 
1204. 

15. Johnsbn, a. The Condition of Atoms in Crystals, Physikal. Z. 
16, 269. 

16. Krbutz, S. Elemente der Theorie der KrystaHstruktur (Leipzig). 

17. Nishikawa, S- The Structure of Some Crystals of the Spinel 
Group, Proc. Math. Phys. Soc. Tokyo 8, 199. 

18. Rinne, F. X-ray Photographs of Crystals, Ber. sachs. Ge^B. 
Wiss. Leipzig (Math-phys. Kl.) 67, 303. 
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Year 1916 

19. Rinne, F. X-ray Photographs of Crystals II, Ber. sachs. Gesell. 
Wiss. Leipzig (Math-phys. Kl.) 68, 11. 

20. ScHOBNFLiEs, A. On Crystal Structure, Zeit. f. Krist. 64, 545. 

21. WuLFF, G. Apparatus for the Production of Laue Photographs, 
Zeit. f. Krist. 54, 59. 

Year 1916 

1. Bragg, W. H. Recent Work on X-rays and its bearing on Chem- 
istry, Trans. Chem. Soc. (London) 109, 252. 

2. Bragg, W. H. X-rays and Crystal Structure with Special Refer- 
ence to Certain Metals, Chem. News IIS, 217; Met. Chem. Eng. I 4 , 694. 

3. Cermak, P. X-ray Spectra produced by Means of Curved Crystal 
Faces, Physikal. Z. 17, 405. 

4. Cermak, P. X-ray Spectra produced by Bent Crystal Faces, 
Physikal. Z. 17, 556. 

5. Debye, P., and Scherrer, P. Interference of X-rays usmg 
irregularly Oriented Substances, Physikal. Z. 17, 277. 

6. Debye, P., and Schberer, P. Interference of X-rays using 
irregularly Oriented Substances II, Nachr. Gesell. Wiss. Gottingen (1916), 

p, 16. 

7. EwAiiD, P. P. The Optics of Crystals, Ann. d. Physik 43, 1, 117. 

8. Fedorov, E. S. The Structure of Crystals, Bull. acad. sci. Petro- 
grad (1916), p. 359. 

9. Fedorov, E. S. The Fundamental Law of Crystal-chemistry, 
BuU. acad. sci. Petrograd (1916), p. 435. 

10. Fedorov, E. S. The Chemical Side of Crystalline Structure, 
Bull, acad, sci. Petrograd (1916), p. 547. 

11. Fedorov, E. S. Note on the Determination of the Density of 
Atoms in Crystal Faces, Bull. acad. sci. Petrograd (1916), p. 1675. 

12. Fock, a. The Existence, Magnitude and Determination of Crys- 
tal Molecules, Centr. Min. Geol. (1916), p. 392. 

13. Haga, H., and Jaeger, F. The Symmetry of X-ray Patterns 
of MonocMnic Crystals, Proc. Roy. Acad. Sci. Amsterdam 18, 1201. 

14. Haga, H., and Jaeger, F. M. The Symmetry of X-ray Patterns 
of Tetragonal Crystals, Proc, Roy. Acad. Sci. Amsterdam 18, 1350. 

16. Haga, H., and Jaeger, F. M. The Symmetry of X-ray Patterns of 
Triclinic and Some Rhombic Crystals; Remarks upon the Diffraction 
Images of Quartz, Proc. Roy. Acad. Sci. Amsterdam 18, 1552. 

16. Jaeger, F. M., and Haga, H. X-ray Patterns of Isomorphous 
Crystals, Proc. Roy. Acad. Sci. Amsterdam 18, 1357. 

17. Kossel, W. Molecular Structure as a Question of Atomic Struc- 
ture, Ann. d. Physik 49^ 229. 

18. Latjb, M, The Symmetry of X-ray Patterns produced^by Crys- 
tals, Ann. d. Physik 50, 433. 

19. Niggli, P. a Table of the Regular Space Groups, Centr. Min. 
Geol. (1916), p. 497. 

20. Niggli, P. The Structures of Crystals, Zeit. anorg. Chem. 94y 207. 

21- Ogg, a., and Hofwood, F. L. A Critical Test of the Crystallo- 
graphic Law of Valency Volumes; Crystalline Structures of the Alkali 
Sulfates, Phil. Mag. 82, 518. 
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Year 1916 

22. Rinne, F. On Crystal Stereochemistry, I, Zeit. anorg. Chem. 96, 
317. 

23. Rinne, F. The Ultimate Structure of Crystals, Neu. Jahrb. Min. 
II, 2, 47. 

24. Schmidt, K. E. F. The Diffraction of X-rays in Metals, Physikal. 
Z. 17, 554. 

25. ScHOBNELiBS, A. On Crystal Structure II, Zeit. f. Krist. 65, 321. 

26. Seemann, H. X-ray Spectrographic Methods without Slits, Ann. 
d. Physik 49, 470. 

27. Smits, a., and Scheffer, F. E. C. The Interpretation of X-ray 
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tribution of Electrons in Atoms, Phys. Rev. 9, 29. 
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4. Born, M. On the Calculation of Absolute Crystal Dimensions, 
Verb. deut. phys. Gesell. 20, 224. 
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8. Born, M., and Lande, A. Calculation of the Compressibility of 
Regular Crystals from the Lattice Theory, Verb. deut. phys. Gesell. 20, 
210 . 

9. Bitrdice:, C. L., and Owen, E. A. The Structure of Carborundum 
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APPENDIX I 


433 


Ybab 1919 

31. ScHAEFEE, G., and Schubert, M. The Role of Crystal Water and 
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14. Canac, F. Determination of the Orientation of the Rows and of 
the Reticular Planes of a Ciystal, Compt. rend. 170, 113. 
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18. CosTBE, D. Rings of Connecting Electrons m Bragg s Model of 
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1 33. 
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27. Haag, F. The Lattice Planes in Isometric Crystals, Zeit. f. Krist. 


5 f 5 444. 
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31. Herzog, E. 0,, Janckb, W., and Polanyi, M. X-ray Spectro- 
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Systems of Crystalline Xamellae and the Structure of Pseudo-symmetrical 
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36. James, R. W., and Tunstall, N. The Crystalline Structure of 
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Diamond; Confirmation of Debye and Scherrer^s Conclusions, Proc. Roy. 
Acad, Sci. Amsterdam 23, 120. 
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40. Lande, A. Size of Atoms, Zeit. f. Physik 191, 
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41. Lande, a. Dynamics of Spacial Atomic Structure, Zeit. f. Physik 

83. • 

42. Lands, A. The Size of Atoms, Zeit. f, Physik 87. 

43. Lande, a. Cubic Atoms, the Periodic System and ^Molecule For- 
mation, Zeit. f. Physik 380; Physikal. Z. 626. 

44. Laue, M. Determination of Crystal Structures by means of 
X-rays, Naturwiss. 8, 968. 

45. Niggli, P. Relation between Growth Forms and the Structures 
of Crystals, Zeit. anorg. Chem. llOj 55. 

46. Nishiicawa, S., and Asahara, G. Some Studies of Metals by 
means of X-rays, Phys. Rev. 15, 38. 

47. Reis, A. Chemical Significance of the Crystal Lattice, Zeit. f. 
Elektrochem. ^6, 412, 529. 

48. Reis, A. Crystal-gratings, Zeit. f. Physik 1, 204; ibid. 57. 

49. Rinne, F, The Essentials of the Minute Structure of Crystals, 
Physikal. Z. ^1, 609. 

50. Rinne, F. hlodern Views of Crystal Structure, Die Umschau B4} 
373. 

51. ScHARizEB, R. The Bragg Crystal Lattice and Cleavage, Zeit. f. 
Krist. 55, 440. 

52. ScHERRER, P. The Determination of the Internal Structure and 
the Size of Colloidal Particles by means of X-rays, in R. Zsigmondy, 
Kolloidchemie, 3d Edition, p. 387. 

53. Scott, A. Recent Advances in Science — Crystallography, Sci. 
Progress 15, 194. 

54. Tammann, G. Phenomena in the Formation of Space Lattices 
composed of Two Different Species of Atoms, particularly in the Forma- 
tion of Mixed Crystals of Silver and Gold, Zeit. anorg. Chem. 114, 281. 

55. Thirring, H, Valency Forces in the Building up of Crystals, 
Zeit. f. Elektrochem. 26, 281. 

56. Thirring, H. Atomic Structure and Crystal Sj^mmetry, Physikal. 
Z. ^1,281. 

57. Valeton, J. J. P. Crystal Growth and Chemical Affinity, Physikal. 
Z. 21, 606. 

58. Vegard, L. The Role of Crystal Water and the Structure of the 
Alums; Rejoinder to C. Schaefer and M. Schubert, Ann. d. Physik 6S, 
753. 

59. Whitlock, H. P. A Model for Demonstrating Crystal Structure, 
Am. J. Sci. 49, 259. 

60. WuLPP, G. The Nature of Crystal Cleavage, Physikal. Z. 21, 718. 

61. Wyckofp, R. W. G. The Crystal Structure of Caesium Dichlor- 
iodide, J. Am. Chem. Soc. 4"^^ 1100. 

62. Wyckofp, R. W. G. The Crystal Structure of Sodium Nitrate, 
Phys. Rev. 16, 149. 

63. Wyckofp, R. W. G. The Crystal Structures of Some Carbonates 
of the Calcite Group, Am. J. Sci. 50, 317, 
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1. Aminopf, G. The Radius of the Hydrogen Atoms in Crystals, 
GeoL For. Forh. 4^, 389. 



436 


APPENDIX I 


Ybab 1921 . 

2. Aminopf, G. On the Laue Photographs and Structure of Zincite, 

Zeit. 1 Krist. 56, 495. . 

3. Amestoff, G. On the Crystal Structure of Magnesium Hydroxide, 

Zeit. f. Krist. 56, 506. ^ t -m. x ^ +i. 

4. Amikoff, G., and PiaBAGMEN, G. Laue Photographs and the 

structure of Iridosmium, Zeit. f. Knst. 56, 510. 

5. Anders, W. Etch and Solution Phenomena and Laue Diagrams 
of Phosgenite, Ber. saehs. Gesell. Wiss. Leipz^ (Math-phys. m.) 

6 . Andrews, M. K. X-ray Analysis of Three Series of Alloys, Phys. 

E. C. Studies of Crystal Structure with X-rays, Chem. Met. 


^^'s^^Bain E. C., and Jeffries, Z. Mixed Orientation Developed in 
Crystals of Ductile Metals by Plastic Deformation, Chem. Met. Eng. £5, 


775 

' 9 . Bartlett, G., and Langmuir, I. Crystal Structures of the 
Ammonium Halides above and below the Transition Temperatures, J. Am. 


Chem. Soc. .^5, 84. ^ -m- j -n ^ T\/r 

10. Becker, K., Herzog, R. 0., Jancke, W., ^d Polanyi, M. 
Methods for the Arrangement of Crystal Elements, Zeit. f . Physik 5,^ 61 . 

11. Becker, K., and Jancke W. _X-ray Spectroscopic Investigations 
with Organic Compounds I and II, Zeit. physikal. Chem. 99, 242. _ 

11a. Becker, K, and Jancke, W. X-ray Spectroscopic Investigations 
with Organic Compounds, II. Zeit. physikal. Chem. 99, 267. 

12. Berndt, C. The Space Group of Olivine, Leipziger Abh. 38, 1. 

13. Bijvoet, J. M., and Kaessen, A. Research by means of X-rays 
on the Structure of Crystals of Lithium and some of its Compounds with 
Light Elements, I. Lithium Metal, Proc. Roy. Acad. Sci. Amsterdam £3, 
1365 

14. Born, M. Elcetrostatic Lattice Potentials, Zeit. f. Physik 7, 124. 

15. Born, M. The Thermodynamics of the Crystal Lattice, Zeit. f. 

Physik 7, 217. r .x- 

16. Born, M., and Gerlack, W. Electron AfiSmty and the Lattice 

Theory, Zeit. f. Physik 5, 433. 

17. Bragg, W. H. Application of the Ionization Spectrometer to the 
Determination of the Structure of Minute Crystals, Proc. Phys. Soc. 


London 33, 222. • 

18. Bragg, W. H. Intensity of X-ray Reflection by Diamond, Proc. 
Roy. Soc. London 33, 304. 

19. Bragg, W. H. The Structure of Organic Crystals, Proc. Phys. 
Soc. London 34, 33. 

20. Bragg, W. H. Electrons, Electrician 86, 125; Engineering HI, 120. 

21. Bragg, W. L. Arrangement of the Atoms in Crystals, Nature 106, 
725. 

22. Bragg, W. L. Dimensions of Atoms and Molecules, Sci. Progress 
16, 45. 

23. Bragg, W. L., James, R. W., and Bosanquet, C. H. The Inten- 
aty of Reflection of X-rays by Rock Salt, Phil. Mag. 41, 309; 4^, 1. 

24. Bragg, W. L., James, R. W., and Bosanquet, C. H. The Scatter- 
ing of X-rays by the Atoms of a Crystal, Zeit. f. Physik 8, 77. 
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25. Canac, F. Procedures for the Study of Crystals by X-rays, 
Annales des Phys. 15, 153. 

26. Cooper, P. A. X-ray Structure of Potassium Cyanide, Nature 107, 
745. 

27. Curie, M. Action of Infra-red Rays on Phosphorescence, Compt. 
rend. 173, 554. 

28. Davey, W. P. Cubic Shapes of Certain Ions, as confirmed by 
X-ray Crystal Analysis, Phys. Rev. 17, 402. 

29. Davey, W. P. The Absolute Sizes of Certain Monovalent Ions, 
Phys. Rev. 18, 102. 

30. Davey, W. P. A New X-ray Diffraction Apparatus, J. Opt. Soc. 
Am. 5, 479. 

31. Davey, W. P. A Precision Determination of the Dimensions of 
the Unit Crystal of Rock Salt, Science 54, 497. 

32. Davey, W. P., and Wick, F. G. The Crystal Structures of Two 
Rare Halogen Salts, Phys. Rev. 17, 403. 

33. Dbbiernb, A. Diffraction of X-rays -by Liquids, Compt. rend. 
173, 140. 

34. Debye, P. Molecular Forces and their Electrical Interpretation 
Physikal. Z. 22, 302. 

35. Dennison, D. M. The Crystal Structure of Ice from its X-ray 
Pattern, Phys. Rev. 17, 20; Chem. News 1^2, 54. 

36. Dbeshem, E. a Photographic Method of X-ray Crystal Analysis, 
Phys. Rev. 18, 324. 

37. Dickinson, R. G., and Goodhue, E. A. The Crystal Structures 
of Sodium Chlorate and Sodium Bromate, J. Am. Chem. Soc. 4^, 2045. 

38. Espig, H. X-ray Investigations of Carborundmn, Leipziger Abh. 
38, 53. 

39. EriiCH, M., Polanyi, M., and Weissbnberg, K. X-ray Investi- 
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Appendix II. Some Useful Tables 


Table I. Data fob Preparing Gnomonic Ruler when the Distanci 
FROM Crystal~to~Plate IS FouR Centimeters 


Left side 
of ruler 
cm. 


Right side 
of ruler 
cm. 


Left side 
of ruler 
cm. 


Right side 
of ruler 
cm. 


1.20 

34.06 

1.25 

32.77 

1.30 

31.57 

1.35 

30.45 

1.40 

29.42 

1.45 

28.45 

1.50 

27.58 

1.55 

26.74 

1.60 

25.96 

1.65 

25.23 

1.70 

24.55 

1.76 

23.90 

1.80 

23.29 

1.85 

22.73 

1.90 

22.19 

1.95 

21.67 

2.00 

21.18 

2.05 

20.72 

2.10 

20.28 

2.15 

19.86 

2.20 

19.47 

2.25 

19.09 

2.30 

18.72 

2.35 

18.38 

2.40 

18.05 

2.45 

17.74 

2.50 

17.44 

2.55 

17.14 

2.60 

16.87 

2.65 

16.60 

2.70 

16.35 

2.75 

16.10 

2.80 

15.86 

2.85 

15.63 

2.90 

15.42 

2.95 

15.20 

3.00 

15.00 

3.10 

14.61 

3.20 

14.25 

3.30 

13.92 


3.40 

13.60 

3.50 

13.31 

3.60 

13.03 

3.70 

12.77 

3.80 

12.52 

3.90 

12.29 

4.00 

12.07 

4.10 

11.86 

4.20 

11.67 

4.30 

11.48 

4.40 

11.30 

4.50 

11.13 

4.60 

10.97 

4.70 

10.82 

4.80 

10.68 

4.90 

10.54 

5.00 

10.40 

5.10 

10.28 

5.20 

10.15 

5.30 

10.04 

5.40 

9.93 

5.50 

9.82 

5.60 

9.71 

5.70 

9.62 

6.80 

9.52 

5;90 

9.43 

. 6.00 

9.34 

6.10 

9.26 

6.20 

9.18 

6.30 

9.10 

6.40 

9.02 

6.50 

8.95 

6.60 

8.88 

6.70 

8.81 

6.80 

8.74 

6.90 

8.68 

7.00 

8.61 
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Table II. Data for Preparing Gnomonic Ruler when the Distance 
PROM Crtstal-to-Platb is Five Centimeters 


Left side 
of ruler 
cm. 

Eight side 
of ruler 
cm. 

Left side 
of ruler 
cm. 

Eight side 
of ruler 
cm. 

1.10 

46.0 

3.05 

17.80 

1.15 

44.0 

3.10 

17.55 

1.20 

42.3 

3.15 

17.32 

1.25 

40.6 

3.20 

17.09 

1.30 

39.1 

3.25 

16.87 

1.35 

37.7 ■ 

3.30 

16.65 

1.40 

36.4 

3.35 

16.44 

1.45 

35.2 

3.40 

16.24 

1.50 

34.1 

3.45 

16.05 

1.50 

34.06 . 

3.50 

15.86 

1.55 

33.01 

3.55 

15.68 

1.60 

32.02 

3.60 

15.50 

1.65 

31.10 

3.65 

15.33 

1.70 

30.24 ■ 

3.70 

15.16 

1.75 

29.41 

3.75 

14.99 

1.80 

28.65 

3.80 

14.84 

1.85 

27.92 

3.85 

14.69 

1.90 

27.23 

3.90 

14.54 

1.95 

26.58 

3.95 

14.40 

2.00 

25.96 

4.00 

14.26 

2.05 

25.38 

4.10 

13.98 

2.10 

24.82 

4.20 

13.73 

2.15 

24.29 

4.30 

13.48 

2.20 

23.78 

4.40 

13.25 

2.25 

23.29 

4.50 

13.02 

2.30 

22.84 

4.70 

12.62 

2.35 

22.39 

4.80 

12.43 

2.40 

21.97 

4.90 

12.25 

2.45 

21.57 

5.00 

12,07 

2.50 

21.18 

1 

5.10 

11.90 

2.55 

20.81 

4.60 

12.82 

2.60 

20.45 

5.20 

11.74 

2.65 

20.11 

5.30 

11.59 

2.70 

19,78 

5.40 

11.44 

2.75 

19.47 

5.50 

11.30 

2.80 

19.16 

5.60 

11.17 

2.85 

18.87 

5.70 

11.04 

2.90 

18.58 

5.80 

10.91 

2.95 

18.31 

5.90 

10.79 

3.00 

18.05 

6.00 

10.67 
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Table II. — Continued 


Left side 

Right side 

Left side 

Right side 

of ruler 

of ruler 

of ruler 

of ruler 

cm. 

cm. 

cm. 

cm. 

6.10 

10.56 

6.60 

10.06 

6.20 

10.45 

6.70 

9.97 

6.30 

10.35 

6.80 

9.88 

6.40 

10.25 

6.90 

9.80 

6.50 

10.15 

7.00 

9.72 


Table III. Conveesion Tables to Pass Dieectly peom Distances 
(upon Photogeaphic Plates) between Difpeacted Spots and 
THE Centeal Undbviatbd Image to Sin 6 foe the Spot 


Distance of Spot from Central Image 
WHEN Crystal -TO -Plate 
Distance is 

4 centimeters 5 centimeters Sin 6 


0.48 

0.60 

0.0596 

.52 

.65 

.0646 

.56 

.70 

.0692 

.60 

.75 

.0744 

.64 

.80 

.0792 

.68 

.85 

.0841 

.72 

.90 

.0889 

.76 

.95 

.0937 

.80 

1.00 

.099 

.84 

.05 

.104 

.88 

.10 

.109 

.92 

.15 

.113 

.96 

.20 

.117 

1.00 

.25 

.122 

.04 

.30 

.127 

.08 

.35 

.131 

.12 

.40 

.136 

.16 

.45 

.140 

.20 

1.50 

.145 

.24 , 

.55 

.150 

.28 

.60 

.154 

.32 

.65 

.158 

.36 

.70 

.162 

.40 

.75 

.167 

.44 

.80 

.172 


Distance of Spot from Central Image 
WHEN Crystal -TO -Plate 
Distance is 

4 centimeters 5 centimeters Sin d 


.48 

.85 

.177 

1.25 

.90 

.181 

.56 

.95 

.185 

.60 

2.00 

.190 

.64 

.05 

.194 

.68 

.10 

.198 

.72 

.15 

.202 

.76 

.20 

.206 

.80 

.25 

.210 

.84 

.30 

.214 

.88 

.35 

.218 

.92 

.40 

.222 

.96 

.45 

.226 

2.00 

2.50 

.230 

.04 

.55 

.234 

.08 

.60 

.238 

.12 

.65 

.242 

.16 

.70 

.246 

.20 

.75 

.249 

.24 

.80 

.253 

.28 

.85 

.257 

.32 

.90 

.260 

.36 

.95 

.264 

.40 

3.00 

.267 

.44 

.05 

.271 



APPENDIX II 


453 


Table III . — Continued 


Distance op Spot prom Central Image 
WHEN Crystal - to - Plate 
Distance is 

4 centimeters 5 centimeters Sin 9 


Distance of Spot prom Central Image 
WHEN Crystal -TO -Plate 
Distance is 

4 centimeters 5 centimeters Sin 9 


.48 

.10 

.275 

2.52 

.15 

.278 

.56 

.20 

.281 

.60 

.25 

.284 

.64 

.30 

.288 

.68 

.35 

.292 

.72 

.40 

.295 

.76 

.45 

.298 

.80 

3.50 

.301 

.84 

.55 

.304 

.88 

.60 

.308 

.92 

.65 

.311 

.96 

.70 

.314 

3.00 

.75 

.316 

.04 

.80 

.319 

.08 

.85 

.322 

.12 

.90 

.325 

.16 

.95 

.329 

.20 

4.00 

.332 

.24 

.05 

.335 

.28 

.10 

.338 

.32 

.15 

.340 

.36 

.20 

.343 

.40 

.25 

.345 

.44 

.30 

.348 

.48 

.35 

.351 

3.52 

.40 

.354 

.56 

.46 

.357 

.60 

4.50 

.359 

.64 

.55 

.362 

.68 

.60 

.365 

.72 

- .65 

.367 

.76 

.70 

.370 

.80 

.75 

.372 

.84 

.80 

.375 

.88 

.85 

.377 

. .92 

.90 

.379 


.96 

.95 

.381 

4.00 

6.00 

.383 

.04 

.05 

.385 

.08 

.10 

.387 

.12 

.15 

.389 

.16 

.20 

.392 

.20 

.25 

.394 

.24 

.30 

.396 

.28 

.35 

.398 

.32 

.40 

.400 

.36 

.45 

.402 

.40 

5.50 

.404 

.44 

.55 

.406 

.48 

.60 

.408 

4.52 

.65 

.410 

.56 

.70 

.4125 

.60 

.75 

.415 

.64 

.80 

.417 

.68 

.85 

.419 

.72 

.90 

.421 

.76 

.95 

.423 

.80 

6.00 

.4245 

.84 

.05 ' 

.426 

.88 

.10 

.428 

.92 

.15 

.430 

.96 

.20 

.4315 

5.00 

.25 

.433 

.04 

.30 

.4345 

.08 

.35 

.436 

.12 

.40 

7438 

.16 

.45 

--440 ~ 

.20 

6.50 

- -.442 ' 

.24 

.55 

. r .444 V 

.28 

.60 

.^ 6 - 

.32 

. 65 ' 

.. ^ 7 - 

.36 

.70 

~ -449 
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Table III. 

— Continued 



Distance of Spot prom Central Image 

Distance! of Spot from Central Image 

WHEN 

Crystal -TO- 

Plate 

WHEN Crystal - to - Plate 


Distance is 



Distance is 


4 centimeters 

5 centimeters 

Sin B 

4 centimeters 

5 centimeters 

Sin B 

.40 

.75 

.450 

.68 

.10 

AW 

.44 

.80 

.451® 

.72 

.15 

.4621 




.76 

.20 

.4638 




.80 

.25 

Mb 

.48 

.85 

.453 

.84 

.30 

.4663 

5.52 

.90 

.455 




.56 

.95 

.456^ 

.88 

.35 

.4671 

.60 

7.00 

.458 

.92 

.40 

.469 

.64 

.05 

.4593 

.96 

.45 

.4708 



Subject Index 


Absorption of X-rays, 

Absorption by compounds, 85 
Absorption coefficient, 78 
Atomic absorption coefficient, 83 
Laws governing the, 78 
Mass absorption coefficient, 78 
Selective absorption by photographic 
emulsions, 85 

Table of absorption limits, 81 
Alabandite, Crystal structure of, 293 
Alkali Sulfates, X-ray diffraction data 
from, 361 

Alum, Ammonium Aluminum, 

Crystal structure of, 361 
Problem of the position of the ammo- 
nium hydrogen atoms in, 363 
Alum, Potassium Aluminum, 

Crystal structure of, 361 
'^Extraneous” reflections from, 172 
Laue photograph of, 110 
Projection of (110) Laue photograph of, 
137 

Alums, Crystal structures of various, 361 
Aluminum, 

Crystal structure of metallic, 243 
X-ray diffraction data at elevated tem- 
peratures from metallic, 410 
Aluminum Hydroxide, Al(OH) 3 , X-ray 
diffraction data from precipitated, 377 
Aluminum Oxide, AI 2 O 3 , 

X-ray diffraction data from crystalline 
— at ordinary temperatures, 283 
X-ray diffraction data from crystalline 
— at elevated temperatures, 411 
X-ray diffraction data from hydrous, 377 
Ammonium Bromide, NH 4 Br, Crystal 
structures of high and low tempera- 
ture modifications of, 322 
Ammonium Chloride, NH4CI, 

Apparent conflict between external sym- 
metry and the symmetry of atomic 
arrangement brought about by study 
of, 209 

Crystal structure of high and low tem- 
perature modifications of, 319 
Laue photograph of, 110 
Problem of the positions of the hydrogen 
atoms in, 320 

Ammonium Chloropalladite, (NH4)2PdCl4, 
Crystal structure of, 343 
Ammonium Chloroplatinate, (NH4)2PtCl6, 
Crystal structure of, 344 
Gnomonic projection of (111) Laue 
photograph of, 138 


Ammonium Chlorostannate, (NH 4 ) 2 SnCl 6 , 
Crystal structure of, 344 
Ammonium Fluosilicate (NH 4 ) 2 SiF 6 , 
Crystal structure of, 345 
Ammonium Iodide, NH4I, Crystal struc- 
ture of, 323 

Amorphous Scattering of X-rays, 

By crystalline materials, 373 
By deformed crystals, 374 
By gadolinite, 390 
By metallic potassium, 372 
By porcelain, 390 

Anatase, Ti 02 , X-ray diffraction data 
from, 282 

“Anomalous” Diffraction, 

In Laue photographs, 146 
In spectrometer measurements, 160 
Antimony, X-ray diffraction data from, 
250 

Antimonous Oxide, Sb 20 s, Crystal struc- 
ture of, 285 

Arsenic Trioxide, AS 2 O 3 , Crystal structure 
of the cubic modification of, 283 
Atomic Number, Relation between — and 
the intensity of X-ray diffraction, 100 
Axial Angles, Definition of, 47 
Axial Ratio, Definition of, 47 

Barium Fluoride, BaF 2 , Crystal struc- 
ture of, 328 

Barium Nitrate, Ba(N 03 ) 2 , Crystal struc- 
ture of, 352 

Barium Oxide, BaO, Crystal structure of, 
277 

Barium Selenide, BaSe, Crystal structure 
of, 294 

Barium Sulfide, BaS, Crystal structure of, 
291 

Beryllium, Crystal structRire of metallic, 
239 

Beryllium Oxide, BeO, Crystal structure 
of, 275 

Bismuth, X-ray diffraction data upon 
metallic, 250 

Brass, X-ray diffraction data upon, 260 
Broggerite, UO 2 , 

Crystal structure of, 279 
X-ray diffraction data from altered, 
286 

Brucite, Mg(OH) 2 , Crystal structure of, 
288 

Cadmium, Crystal structure of metallic, 
241 
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Cadmium Iodide, Cdl 2 , Crystal structure 
of, 329 

Cadmium Oxide, CdO, Crystal structure 
of, 278 

Cadmium Sulfide, CdS, Crystal structure 
of, 293 

Calcite, CaCOa, Crystal structure of, 356 
Calcium, Crystal structure of metallic, 240 
Calcium Carbonate, CaCOs, Crystal struc- 
ture of the rhombohedral modification 
of, 356 

Calcium Fluoride, CaFs, 

Crystal structure of, 327 
Description of — ^arrangement of atoms, 
279, 281 

Calcium Oxide, CaO, Crystal structure of, 
276 

Calcium Nitrate, Ca(N 03 ) 2 , Crystal struc- 
ture of, 354 

Calcium Selenide, CaSe, Crystal structure 
of, 294 

Calcium Sulfide, CaS, Crystal structure of, 
289 
Carbon, 

Crystal structure of the diamond, 243 
X-ray diffraction data from the diamond 
at elevated temperatures, 410 
X-ray diffraction data from graphite at 
ordinary temperatures, 246 
X-ray diffraction data from graphite at 
elevated temperatures, 410 
X-ray diffraction data from various 
forms of, 379 
Carborundum, SiC, 

X-ray diffraction data from — at ordi- 
nary temperatures, 264 
X-ray diffraction data from — at ele- 
vated temperatures, 410 
Cassiterite, Sn02, X-ray diffraction data 
from, 282 

Cellulose, X-ray diffraction data from, 
408, 420, 

Cerium, Crystal structure of metallic, 247 
Cerium Dioxide, Ce02, Crystal structure 
of, 281 

Cesium Bromide, CsBr, Crystal structure 
of, 312 

Cesium Chloride, CsCl, Crystal structure 
of, 311 

Cesium Dibromiodide, CsBr 2 l, X-ray dif- 
^ fraction data from, 339 
Cesium Diehloroiodide, CsChl, Crystal 
structure of, 337 

Cesium Fluoride, CsF, Crystal structure 
, of, 310 

Cesium Iodide, Csl, Crystal structure of, 
310 

C^ium Tru 9 dide, Csla, 

Characteristic reflections from, 159 
X-ray diffraction data from, 339 
Chalcedony, X-ray diffraction data bear- 
ing ui)on the nature- of, 419 
Chalcopyrite, CuPeS 2 , Crystal structure 
of, 365 


Characteristic X-radiation, 

Table of K-series — ^for some elements, 74 
Table of L-series — ^for some elements, 75 
Characteristic Reflection, Spectrometric 
study of, 159 
Chromium, 

Crystal structure of metallic, 251 ^ 
Chromium — Iron alloys, X-ray diffrac- 
tion data from, 257 

Cinnabar, HgS, X-ray diffraction data 
from, 293 

Cleavage, Meaning of, 57 

Cleveite, X-ray diffraction data from, 293 

Cobalt, 

Crystal structure of metallic, 252 
Cobalt-Iron alloys, Crystal structures 
of, 258 

Cobalt Arsenic Sulfide, CoAsS, Crystal 
structure of, 299 
Cobaltite, CoAsS, 

Crystal structure of, 299 
Question of the symmetry of, 299 
Cobaltous Cobaltic Oxide, Cos04, Powder 
photograph from, 364 
Cobaltous Oxide, CoO, X-ray diffraction 
data from, 278 
Colloids, 

X-ray diffraction effects from, 374 
Calculation of particle size of crystalline 
colloids from their X-ray diffraction 
effects, 375 
Copper, 

Crystal structure of metallic, 236 
Polished metallic — , X-ray diffraction 
effects from, 374 

Copper ^Hree/^ X-ray diffraction effects 
from, 374 

Copper-Gold alloys, Crystal structure 
of, 260 

Copper-Manganese alloys, X-ray dif- 
fraction effects from, 261 
Copper-Nickel alloys, X-ray diffraction 
effects from, 260 

Copper-Tin alloys X-ray diffraction 
. data upon, 261 

Copper-Zinc alloys, X-ray diffraction 
data upon, 260 
See also Cupric and Cumous, 

Copper Iron Pyrlte, CuFeS 2 , Crystal struc- 
ture of, 365 
Corundum, AI 2 O 8 , 

X-ray diffraction data from crystals of — 
at ordinary temperatures, 283 
X-ray diffraction data from crystals of — 
at elevated temperatures, 411 
Crystal, Definition of, 19 
Crystal Orientation, Determination of, 406 
Cubic Crystals, Determination of space 
^oup of, 218 

Cupric Oxide, CuO, X-ray diffraction data 
from, 269 

Cuprite, CU 2 O, Crystal Structure of, 266 
Cuprous Bromide, CuBr, Crystal structure 
of, 314 
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Cuprous Chloride, CuCl, Crystal structure 
of, 313 

Cuprous Iodide, Cul,. 

Crystal structure of, 314 
Cuprous Iodide-Silver Iodide, probable 
solid solution (Miersite), X-ray dif- 
fraction data from, 319 
Cuprous Oxide, CU 2 O, Crystal structure of, 
266 

Cuprous Selenide, Cu 2 Se, X-ray diffrac- 
tion data from, 288 

Deformed Crystals, 

X-ray diffraction effects from, 146 
Amorphous scattering from, 374 
Density, Determination of — ^from X-ray 
diffraction data, 408 
Diamond, 

Crystal structure of, 243 
X-ray diffraction data from — at ele- 
vated temperatures, 410 
Dolomite, CaMg(G 0332 , 

Accurate spacing measurements from a 
principal reflection spectrum of, 176 
Crystal structure of, 358 
Gnomonie projection of (100) Laue 
photograpn of, 139 

Equivalent Points, Definition of, 21, 24, 
59, 62 

Esters of Higher Fatty Acids, X-ray data 
upon, 381 

Etch Figures, 56, 210 
Evaporated Metal Films of Silver, Crystal 
structure of, 236 

Extraneous^' Hefiections, Example of, 
172 

Fatty Acids, X-ray diffraction data from, 
381 

Feldspars, X-ray diffraction data from, 
412 

Ferric Oxide, FeaOg, X-ray diffraction 
data from, 283 

Ferrous Carbonate, FeCOs, Crystal struc- 
ture of, 358 
Fibrous Substances, 

Study of — ^using X-rays, 406 
Complex fibres, Definition of, 406 
Ideal fibres, Definition of, 407 
Simple fibres, Definition of, 406 
Fluorite, CaFa, Crystal structure of, 327 
Focusing Principle in X-ray Spectroscopy, 
152 
Forms, 

Definition of, 52 
Tabulation of all, 53, 54 

Gadolinite, X-ray diffraction effects from, 
390 

Gahnite, ZnAl 204 , X-xay diffraction data 
from, 364 

Gallium, X-ray diffraction effects from 
metallic, ^3, 373 


Garnets, X-ray diffraction data from the, 
360 

Gelatine, X-ray diffraction data from, 375] 
General Radiation, Properties of, 74 ' 
Germanium, Crystal structure of metallic, 
248 

Gillespite, X-ray diffraction data from 
fresh and decomposed, 383 
Glasses, X-ray diffraction data from, 384 
Gnomonie Projections, 

Application to Laue photographs, 123 
Application to Secondary Spectrum 
photograj)lis, 168 

Determination of indices of refiections 
from their, 126 
Ruler for maldng, 126 
Gnomonie Rotation Net, 

Construction of, 133 
Reproduction of, 135 
Use of, 135 
Gnomonie Ruler, 

Description of, 126 
Tables for maldng, 450 
Gold, 

Calculation of particle size in prepara- 
tions of coUoidal, 376 
Crystal structure of metallic, 236 
Gold-Copper alloys, Crystal structure 
of, 260 

Gold-Silver alloys, Crystal structure 
of, 268 
Graphite, 

X-ray diffraction data from — at ordi- 
nary temperatures, 246, 379 
X-ray diffraction data from — at ele- 
vated temperatures, 410 
Greenockite, CdS, Crystal structure of, 293 

Hauerite, MnS 2 , Crystal structure of, 297 
“Hazy" Diffractions in Laue Photo- 
graphs, 147 

Hematite, Fe 203 , X-ray diffraction data 
from, 283 

Huessler AUoys, X-ray diffraction data 
from, 261, 403 

Hexamethylene Tetramine, C 6 H 12 N 4 , Crys- 
tal structure of, 366 
High Temperatures, 

Laue photography at, 116 
Powder photography at, 186 
Spectrometry at, 177 
X-ray diffraction data at, 409 
Hydrazine Dihydrochloride, N 2 H 6 CI 2 , 
Crystal structure of, 329 
Hydrogen — ^PaUadium Solutions, X-ray 
diffraction data from, 261 

Ice, X-ray diffraction data from, 265 
Indices, 

Definition of Miller, 47 
Law of Rational, 52 
Definition of zone, 62 
Indium, X-ray diffraction data upon 
metallic, 243 
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Intensity of X-ray Diffraction Effects from 
Crystals, 

Expressions for individual crystals, 102, 
103, 107 

Expressions for powders, 199 
Intensity Measurements in X-ray Spec- 
trometry, Problems of, 153 
Iridium, 

Accurate powder photograpMc data on 
metallic, 197 

C%stal structure of metallic, 255 
Iridium-Osmium alloy (Iridosmium), 
Crystal structure of, 237, 262 
Iridosmium, Crystal structure of, 237, 262 
Iron, 

Crystal structure of metallic, 252 
Iron-CIuomium alloys, X-ray diffrac- 
tion data from, 258 

Iron-Cobalt alloys, Crystal structure 
of, 258 

Iron-Manganese alloys, X-ray diffrac- 
tion data from, 258 

Iron-Molybdenum alloys, X-ray dif- 
fraction data from, 256 
Iron-Nickel alloys, Crystal structure 
of, 256 

Iron-Tungsten alloys, X-ray • diffrac- 
tion data from, 258 
See also Ferrous and Ferric. 

Iron Disulfide, reS 2 , Crystal structure of 
the Pyrite modification of, 296 

Kaolin, X-ray diffraction data bearing 
upon the nature of, 419 

Laue Photographs, 

Best voltage for the production of, 112 
Discovery of, 222 

Influence of absorption on data from, 145 
Intensity estimations on, 144 
Int^retation of, 117 
Preparation of, 110 
Symmetry of, 117 
The monochromatic, 145 
''Laws” of the Scattering of X-rays by 
the Atoms in Crystals, 100 
' Lead, Ciystal structure of metallic, 249 
Lead Nitrate, Pb(N 03 ) 2 , Crystal structure 
of, 354 

Liquids, X-ray diffraction data from vari- 
ous, 383 

"Liquid Crystals,” X-ray diffraction data 
from, 382, 386 

lithium, Crystal structure of metallic, 234 
Lithium Bromide, liBr, Crystal structure 
of, 302 

Lithium Chloride, LiCl, Crystal structure 
of, 302 

Lithium Fluoride, LiF, Crystal structure 
of, 301 

lithium Hydride, LiH, Crystal structure 
of, 300 

lithium Iodide, Lil, Crystal structure of, 
302 


Lithium Oxide, LigO, X-ray diffraction 
data from, 266 

Magnesium, Crystal structure of metallic, 
337 241 

Magnesium Hydroxide, Mg(OH) 2 , Crystal 
structure of, 288 

Magnesium Oxide, MgO, 

Crystal structime of, 270 
Laue photograph of, — Gnomonic pro- 
jection of, 127 

Laue photograph of — , Keproduction of, 
122 

Laue photograph of — , Stereographic 
projection of, 122 

Powder photograph of — , Interpreta- 
tion of, 187 

Magnesium Sulfide, MgS, Crystal struc- 
ture of, 289 

Magnetic Properties, Connection between 
Crystal structure data and, 403 

Magnetite, Fe 304 , 

Crystal structure of, 364 

Some Laue photographic data from, 143 

Manganese, 

X-ray diffraction data upon metallic, 252 
Manganese-Copper alloys, X-ray dif- 
fraction data from, 261 
Manganese-Iron alloys, X-ray diffrac- 
tion data from, 258 

Manganese Carbonate, MnCOa, Crystal 
structure of, 358 

Manganese Disulfide, MnS 2 , Crystal struc- 
ture of, 297 

Manganese Sulfide, MnS, Crystal structure 
of, 293 

Manganous Hydroxide, Mn(OH) 2 , Crystal 
structure of, 287 

Mercury, 

X-ray diffraction data upon crystal] ine 
metallic, 242 

X-ray diifraction data upon liquid 
metallic, 388 

Mercury Sulfide, HgS, Crystal structure of 
trigonal, 293 

Miersite, X-ray diffraction data from, 319 

Mineralogical Applications of X-ray Dif- 
fraction Data, 

Upon Boracite at high and low tempera- 
tures, 116 

Upon Feldspars, 412 

Upon Pyroxenes, 417 

Upon various other minerals, 412 

Molecules^ Existence of, 

Discussion of the question of the, 392 
et seq. 

Possible evidence for the from high 

temperature measurements upon 
aluminum oxide, 411 
Bearing of X-ray diffraction measure- 
ments near the melting point of crys- 
tals upon the, 373 

Molybdenite, M 0 S 2 , Crystal structure «of, 
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Molybdenum, 

Crystal structure of metallic, 251 
Molybdenum-Tungsten alloys, X-ray 
diffraction data upon, 261 
Molybdenum Disulfide, MoSa, Crystal 
structure of, 297 

Molybdenum Trioxide and its Hydrate, 
X-ray diffraction data from, 419 

Niccolite, NiAs, Crystal structure of, 295 
Nickel, 

Crystal structure of metallic, 253 
Nickel-Copper alloys. Crystal struc- 
ture of, 260 

Nickel-Iron alloys, Crystal structure 
of, 256 

Nickel Arsenide, NiAs,. Crystal structure 
of, 295 

Nickel Bromide Hexammoniate, NiBr2* 
6NHs, Crystal structure of, 336 
Nickel CHoride Hexammoniate, NiCb* 
6NH3, Crystal structure of, 334 
Nickel lo^de Hexammoniate, Nilg’GNHs, 
Crystal structure of, 336 
Nickel Nitrate Hexammoniate, Ni (N 03)2 • 
6NH3, X-ray diffraction data from, 
355 

Nickel Oxide, NiO, X-ray diffraction data 
from, 278 

“Normal Decline of Intensity with Angle 
of Reflection, Discussion of, 101 

Oleates, Alkaline, X-ray diffraction data 
from, 380 

Olivine, (Mg, Fe)2Si04, X-ray diffraction 
data from, 360 
Organic Crystals, 

Fatty acids and esters, X-ray diffraction 
data upon, 381 

List of from which X-ray diffrac- 

tion effects have been produced, 369 
See also, Sodium Hydrogen Acetate^ 
Hexamethylene Tetramine^ Urea, Penta- 
erythrUe 
Osmium, 

Crystal structure of metallic, 255 
Osmium-Iridium alloy, Crystal struc- 
ture of an, 237, 262 


Palladium, 

Crystal structure of metallic, 255 
Palladium-Hydrogen solutions, X-ray 
diffraction data from, 261 
Palladium-Silver alloys, Crystal struc- 
ture of, 259 

Pentaerythrite, C(CH20H)4, Crystal struc- 
ture of, 369 

Periolase, MgO, See Magnenum Oxide, 

Phosphonium Iodide, PHJ, Crystal struc- 
ture of, 324 

Phosphorus, X-ray diffraction data from 
Red, 249 

Photographic Effects of X-rays, Influence 
ofwave length on, 85 


Pitchblende, X-ray diffraction data from, 
286 

Platinum, Crystal structure of metallic, 255 
Point Groups, 

Definition of, 21 
Description of, 23 et seq. 

Tabulation of, 48 

Polarization Factor, Discussion of, 102 
Porcelain, X-ray diffraction effects from, 
390 

Positions of X-ray Diffraction Effects from 
Crystals, Equations for, 97 
Potassium, 

Amorphous scattering from metallic, 372 
Crystal structure of metallic, 235 
Potassium Bromide, KBr, Crystal struc- 
ture of, 307 

Potassium Chloride, KCl, Crystal struc- 
ture of, 306 

Potassium Chloropalladite, K2PdCl4, Crys- 
tal structure of, 343 

Potassium Chloroplatinate, KaPtCle, Crys- 
tal structure of, 344 

Potassium Chloroplatinite, XaPtCh, Crys- 
tal structure of, 342 

Potassium Chlorostannate, X2SnCle, Crys- 
tal structure of, 343 

Potassium Cadmium Cyanide, K2Cd(CN) 4, 
Crystal structure of, 341 
Potassium Cyanide, KCN, Crystal struc- 
ture of, 326 

Potassium Fluoride, KF, Crystal structure 
of, 305 

Potassium Hydrogen Fluoride, KHF2, 
Crystal structure of, 332 
Potassium Iodide, KI, 

Anomalous diffraction in Laue photo- 
graphs from, 146 

Anomalous diffraction in spectrometric 
measurements from, 160 
Characteristic reflections from, 308 
Crystal Structure of, 307 
“Hazy'^ diffractions in Laue photo- 
graphs from, 147 

Potassium Mercury Cyanide, K2Hg(CN)4, 
Crystal structure of, 342 
Potassium Triiodide, KIs, X-ray diffrac- 
tion data from, 339 

Potassium Zinc Cyanide, » K2Zn(CN)4, 
Crystal structure of, 339 
Powder Photographs, 

Apparatus for^ preparation of, 179 
Accurate spacing measurements on, 196 
Intensities of reflections in, 199 
Interpretation of, 186 
Primitive Translations, Definition of, 57 
Principal Spectrum, 

Definition of, 167 

Accurate spacing measurements on the, 
174 

Projection, 

Gnomonic. (See Gnomonic Projection,) 
Stereographic. (See Btereographic Pro- 
jection.) 
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Pyrite, FeS?, Crystal structure of, 296 

Pyrochroite, Mn(OH) 2 , Crystal structure 
of, 287 

Pyroxenes, X-ray diffraction data upon, 
417 

Pyrrhotitej FexSy, 

Connection between Magnetic Proper- 
ties of — , and its diffraction data, 403 
Powder photograph from, 191 

Quantum Relation, Use of in wave 

length determination for X-rays, 
69 

Quantum Wave Length, Definition of, 72 

Quartz, Si02, 

Lane photograph of, 110 
X-ray diffraction data from, 282 

Radii, The hypothesis of constant atomic, 
399 

Rational Indices, The Law of, 52 

Rhodochrosite, MnCOa, 

Choice of unit cell for, 207 
Crystal structure of, 358 
Laue photograph of — , Gnomonic pro- 
jection of, 130 

Rhodium, Crystal structure of metallic, 
254 

Rhombohedral Lattice, Criterion for se- 
lecting between and Hexagonal 

Lattice, 346 

Rice Starch, X-ray diffraction data from, 
375 

Rock Salt, NaCl. (See Sodium Chloride.) 

Rubidium Bromide, RbBr, Crystal struc- 
ture of, 309 

Rubidium Chloride, RbCI, Crystal struc- 
ture of, 309 

Rubidium Fluoride, RbF, X-ray diffrac- 
tion data upon, 308 

Rubidium Iodide, Rbl, Crystal structure 
of, 309 

Ruthenium, Crystal structure of metallic, 
254 

Rutile, Ti02, 

Gnomonic projection of Laue photo- 
graph of, 128 
Unit cells for, 140 
X-ray diffraction data from, 282 

Scattered X-rays, 

Character of, 79 

Intensity of , Equation for, 86 

Intensity of at small angles, 87 

^^Laws’’ of scattering, 100 
Scattering coej06cient, 82 
Wave lei^h of^ 79 

Scattering Coefficient, Definition of, 82 

Scheelite, CaW 04 , X-ray diffraction data 
from, 361 

Secondary Radiation, Properties of, 78 

Secondary Spectra, 

Definition of, 167 
Intei^retation of, 168 


Secondary Valence, Bearing of X-ray dif- 
fraction data upon the question of the 
nature of, 395 

“Semi-crystals/' X-ray diffraction data 
from, 379 

Senarmontite, Sb203, Crystal structure of, 
285 

Shapes of Atoms, Connection between 
crystal structure data and, 398 
Siderite, FeCOs, Crystal structure of, 358 
Silicon, Crystal structure of metallic, 246 
Silicon Carbide, SiC, 

X-ray diffraction data from at 

ordmary temperatures, 264 

X-ray diffraction data from at 

elevated temperatures, 410 
SiHeon Dioxide. (See also Quartz.) 
Colloidal silica, X-ray diffraction data 
from, 375, 378 

X-ray data bearing upon the nature of 
chalcedony, 419 

X-ray data bearing upon the nature of 
flint, 419 
Silver, 

CoHoidal silver, X-ray diffraction data 
from, 236 

Crystal structure of metallic, 236 
Silver-Gold alloys, Crystal structure 
of, 258 

Silver-Palladium alloys, Crystal struc- 
ture of, 259 

Silver Bromide, AgBr, Crystal structure 
of, 316 

Silver Chloride, AgCl, Crystal structure of, 
315 

Silver Iodide, Agl, 

Crystal structures of high and low tem- 
perature modifications of, 316 
Silver Iodide-Cuprous Iodide probable 
solid solution (Miersite), X-ray dif- 
fraction data from, 319 
Silver Molybdate, Ag 2 Mo 04 , Crystal struc- 
ture of, 361 

Silver Oxide, Ag20, Crystal structure of, 
268 

“Slit-less'^ Spectrographs, 165 
Sodium, Crystal structure of metallic, 
234 

Sodium Bromate, NaBrOj, Crystal struc- 
ture of, 351 

Sodium Bromide, NaBr, Crystal structure 
of, 305 

Sodium Chlorate, NaClOs, Crystal struc- 
ture of, 349 

Sodium Chloride, NaCl, 

Crystal structure of, 304 
Selection between possible atomic ar- 
rangements for, 215 

Statement of the crystallographicaMy 
possible atomic arrangements for, 212 
Sodium Fluoride, NaF, Crystal structure 
of, 304 

Sodium Hydrogen Acetate, NaH(C 2 H 30 a L, 
X-ray diffraction data from, 366 
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Sodium Hydrogea Fluoride, NaHFg, X-ray 
diffraction data from, 334 
Sodium Iodide, Nal, Crystal structure of, 
305 

Sodium Nitrate, NaNOs, 

Crystal structure of, 346 
Determination of the value of the oxy- 
gen parameter in, 217 
Solids, 

Crystalline , Definition of, 19 

Amorphous , Definition of, 19 

Solutions, 

X-ray diffraction data from aqueous, 
388 

Use of X-ray data in the study of solid, 
404 

Solution Figures, Character of, 56 
Space Group, 

Definition of, 57 

Determination of the of a cubic 

crystal, 218 

History of the development of the 
theory of, 223 
Illustrative, 58 et seq. 

Space Lattices, Definition of, 57 
Special Positions, Definition of, 64 
Spectrography, X-ray, 

Apparatus for, 161 
Slit-less," 165 
Spectrometry, X-ray, 

Apparatus for, 149 

Problems of accurate intensity measure- 
ments in, 153 
Using white radiation, 158 
Spinel, MgAlaOi, Crystal structure of, 364 
Sputtered Metal Films, 

Crystal structure of gold, 237 
Crystal structure of silver, 236 
Stabilities, Relative, of different struc- 
tures at different temperatures, 409 
Stannic Acids, X-ray diffraction data from 
Alpha- and Meta- forms of, 282, 
375 

Starch, Rice, X-ray diffraction data from, 
375 

Stereographic Projection, 

Definition of, 22 

Application to Laue photographs, 119 
Strontium Nitrate, Br(N 03 )a, Crystal 
structure of, 354 

Strontium Oxide, SrO, Crystal structure 
of; 277 

Strontium Sulfide, SrS, Crystal structure 
; of, 290 

Sulfur, X-ray diffraction measurements 
. upon Orthorhombic, 251 
Sylvine, KCL Crystal structure of, 306 
Symmetry, External — and the symmetry 
\ of atomic arrangement, 

( Connection between, 209 

Conflict between in the case of 

Ammonium Chloride, 210, 320 

Conflict between in the ease of 

barium nitrate, 352 


Symmetry Properties, Definitions of, 
Screw axes of symmetry, 19 
Rotational axes of symmetry, 19 
Rotary inversions, 21 
Simple inversions, 21 
Glide planes of symmetry, 20 
Rotary reflections, 21 
Simple reflections, 20 

Tantalum, Crystal structure of metallic, 
249. ‘ 

Tenorite, CuO, X-ray diffraction data 
from, 269 

Tetramethyl Ammonium Iodide N ( CHs) J, 
X-ray diffraction data from, 326 

ThaUous Chloride, TlCl, X-ray diffraction 
data from, 313 

Thorianite, (Th,U)02, Crystal structure of, 
280 

Thorite, ThSi 04 , X-ray diffraction data 
from, 282 

Thorium, Crystal structure of metallic, 247 

Thorium Dioxide, Th02, Crystal structure 
of, 280 

Thorium Silicate, ThSi 04 , X-ray diffrac- 
tion data from, 282 

Tim 

Crystal structure of gray, 249 
X;ray diffraction data from white, 249 
Tin-Copper alloy, X-ray diffraction 
data upon a, 261 
See also Stannic. 

Tin Tetraiodide, Snl 4 , 

Crystal structure of, 331 
“Hazy" diffraction from, 147 

Tin Dioxide, SnOj, 

X-ray diffraction data from crystals of, 
286 

X-ray diffraction data from precipi- 
tates of, 286, 375 

Titanium, Crystal structure of metallic, 247 

Titanium Dioxide, TiOa, See Entile and 
Anatase, 

Tourmaline, X-ray diffraction data from, 
364 

Tungsten, 

Crystal structure of metallic, 252 
Tungsten-Molybdenum alloys, X-ray 
diffraction data from, 261 

Tungsten Trioxide and its Hydrates, 
X-ray diffraction data from, 419 

Twins, 

Definition of, 56 

Imitation of higher symmetry through 
twinning, 212 

Unit Cells, 

Calculation of number of molecules 
associated with, 202 
Choice of the correct, 205 
Definition of, 59 
Tabulation of, 60 

Discussion of different possible for 

a crystal, 139, 207 
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Unit Domain, Definition of, 60 
Urea, CO(NH 2 ) 2 , Crystal structure of, 368 
Uramnite, X-ray difiraction data from, 279 
Uranium Dioxide, UO 2 , 

Crystal structure of, 279 
X-ray diffraction data from altered, 286 
Uranium Trioxide, UO3, X-ray diffraction 
data from, 286 

Urano-uranic Oxide, UgOg, X-ray diffrac- 
tion data from, 287 

Valence, Bearing of the X-ray diffraction 
data upon the nature of, 392 
V anadium, Crystalstructure of metallic, 249 
Variable Parameter, Example of the de- 
termination of a, 217 

Wave Length of X-rays, 

Deduction of based upon the 

quantum relation, 69 
First assignment of the, 70 
Ordinary limits to the, 71 

Relation of to ^mardness,'’ 71 

‘ * White ^ ’ Radiation, 

Properties of, 74 
Photographic effect of, 85 
Wulfenite, PbMoOi, X-ray diffraction 
data from, 361 

Wurtzite, ZnS, Crystal structure of, 292 

Xenotime, YPO4, X-ray diffraction data 
from, 366 


X-ray Spectrum, General nature of, 68 
X-ray Tube, Nature of, 67 

Zinc, 

Crystal structure of metallic, 241 
Zinc-Copper alloys. X-ray diffraction 
data from, 260 

Zinc Aluminum Spinel, ZnAl204, X-ray 
diffraction data from, 364 
Zinc Blende, ZnS, Crystal structure oh 291 
Zinc Bromate, Hexahydrate, Zn(Br 03 ) 2 - 

6H2O, 

Crystal structure of, 354 
Determination of corresponding space 
group of, 219 

Zinc Oxide, ZnO, Crystal structure of, 273 
Zinc Selenide, ZnSe, Crystal structure of, 
294 

Zinc Sulfide, ZnS, 

Crystal structure of cubic, 291 
Crystal structure of hexagonal, 292 
Zincite, ZnO, Crystal structure of, 273 
Zirconium, Crystal structure of metallic, 
247 

Zone, Definition of, 52 
Zone Axis, Definition of, 52 ^ 

Zone Relation between Indices of Faces 
and of Axes, 

Statement of, 52 

Illustration of the use of on gno- 

monic projections, 137 
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